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This work explores the synthesis via a sol–gel method and self-healing properties of 
cerium-doped silane hybrid coatings employing 3-glycidoxypropyltrimethoxysilane (GPTMS) 
and bisphenol A (BPA), as a cross-linking agent. The aim for these coatings is to protect steel 
structures from corrosion in marine environments. The analysis covers seven main areas. In 
the first and second section, the effects of the coating drying method and the addition of 
cerium ions, as a dopant, and bisphenol A, as a cross-linking agent, are examined on the 
microstructure and corrosion resistance of the hybrid silane coatings. The self-healing 
properties of the coatings doped with cerium nitrate and ceria nanoparticles are then evaluated 
by comparing intact and artificially scratched films. The fourth and fifth section of this work 
examine how the cerium nitrate concentration and the activation of ceria nanoparticles with 
cerium nitrate affect the ability of cerium-doped silane hybrid coatings to protect against 
corrosion. Finally the effect of the ceria nanoparticles concentration and its combination with 
zirconia nanoparticles is studied on the self-healing properties of cerium ions inhibited silane 
coatings. The microscopic features, morphology as well as microstructural features of the 
coated substrates were evaluated using Fourier transform infrared spectroscopy (FTIR), 
atomic force microscopy (AFM) and scanning electron microscopy (SEM). The corrosion 
behavior of the sol–gel coatings was investigated using natural salt spray tests, 






Dit werk bestudeert de sol-gelsynthese en de zelfhelende eigenschappen van cerium 
gedopeerde silaanhybridedeklagen. Hierbij wordt gebruik gemaakt van 3-
glycidoxypropyltrimethoxysilaan (GPTMS) en bisphenol A (BPA) als een crosslinker. De 
doelstelling van deze deklagen is de corrosiebescherming van stalen structuren in een mariene 
omgeving. 
Het werk bevat zeven onderdelen. In een eerste en tweede deel worden de invloeden van de 
droogmethode van de deklaag en de toevoeging van ceriumionen, als dopeermiddel, en 
bisphenol A, als crosslinker, bestudeerd met betrekking tot de microstructuur en corrosie-
inhibitie van de deklagen. Vervolgens worden de zelfhelende eigenschappen van de deklagen 
gedopeerd met ceriumnitraat en ceriananopartikels geëvalueerd door een vergelijking te 
maken tussen intacte en artificieel beschadigde films. Het vierde en vijfde deel van dit werk 
evalueert hoe de ceriumnitraat concentratie en de activatie van ceriananopartikels met 
ceriumnitraat de corrosie-inhibitie van de deklagen beïnvloedt. Tot slot wordt de invloed van 
de ceriananopartikelconcentratie en de combinatie met zirconiapartikels nagegaan op de 
zelfhelende karakteristieken van de deklagen.  
De microscopische kenmerken, alsook de morfologie en de microstructurele kenmerken van 
de deklagen werden in dit werk bestudeerd met Fourier transformatie-infraroodspectroscopie 
(FTIR), atomaire krachtmicroscopie (AFM) en rasterelektronenmicroscopie (SEM). Het 
corrosiegedrag van de sol-gel deklagen werd bestudeerd met zoutnevelexperimenten, 
elektrochemische impedantiespectroscopie (EIS) en polarisatietesten.  
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Corrosion is the gradual degradation of a material due to chemical or electrochemical 
interactions with its environment. It damages the appearance and useful properties of a 
material such as its strength, ductility and permeability to corrosive liquids and gases. All 
materials—metals, polymers, ceramics, composites are susceptible to corrosion. A metal can 
corrode by electrochemical oxidation through its reaction with an oxidant (e.g., oxygen) to 
form metallic oxide(s) or salts(s). The rusting of iron to form iron oxide is a well-known 
example of electrochemical corrosion [1, 2]. 
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Metals corrode because of their high free energy content. In their natural state most 
metals are chemically combined with other elements in metallic ores. Refining a metal 
consists of transforming an energetically stable ore into a less-energetically-favorable metallic 
phase and therefore often comprises of processes which consume high amounts of energy. 
Metals thus processed will always tend to return to their stable oxide phase, and its chemical 
re-combination to form ore-like compounds is a natural process. These thermodynamic 
principles ensure that metal will always react with its environment, making corrosion 
inevitable [3].  
1.1.1. Consequences of corrosion 
Corrosion largely affects our society, and has a substantial economic impact. The U.S. 
National Association of Corrosion Engineers estimated the total annual cost of corrosion in 
the United States to be $1 trillion in March 2013 or 3.1% of the nation’s gross domestic 
product, thus demonstrating the broad and expensive challenge that impeding the corrosion of 
equipment and materials presents [4, 5].  
The economic impact of corrosion also has a significant effect on technological 
developments and industry. The development of new technologies often has to consider the 
problem of corrosion, which can limit their economic or technical feasibility. For example, oil 
drilling, both offshore and on land, encounters corrosion such as sulfide stress corrosion and 
microbiological corrosion. These problems compound the difficulties faced in the highly 
corrosive marine environment [6]. Another example, which can cause serious problems to 
industry and consumers, is the closure of industrial plants (e.g., nuclear, process, power) 
because of corrosion problems [7-9].  
Corrosion can also affect safety and health. The failure or breakdown of metal 
structures (e.g., bridges, cars, and aircraft) [10, 11] or even metal prosthetic devices in the 
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body through corrosion and broken connections can have serious impacts on safety and health 
and can cause severe injuries [12-14]. 
Another impact of corrosion is the loss of liquids through leaking containers, storage 
tanks, or transportation lines, which can cause severe accidents and hazards [15, 16]. 
Corrosion can also accelerate the deterioration of precious artistic or cultural artifacts, for 
example the deterioration of bronze statues in highly polluted environments [17].  
1.1.2. The corrosion process 
Corrosion is a natural process. When a piece of bare iron is exposed to moisture, its 
surface will be covered with rust in a few hours. The formation of rust will be accelerated by 
the presence of salt in the moisture. Corrosion can occur through reduction–oxidation (redox) 
reactions on the metal’s surface. In the case of an iron substrate, at an anodic site the iron 
dissolves as ferrous ions with an associated release of electrons. This dissolution of the iron 
will continue if the released electrons can pass to a cathodic site on the metal’s surface where 
they can react with some reducible component of the electrolyte to remove them from the 
metal. This redox process occurs through the following two separate-but-simultaneous half-
reaction systems [1, 5, 18]: 
the anodic reaction (corrosion) 
Fe → Fe2+ + 2e−        (Eq. 1.1) 
and the cathodic reactions (simplified) 
2H+ + 2e− → H2        (Eq. 1.2 a) 
or  H2O + ½ O2 + 2e → 2OH−.       (Eq. 1.2 b) 
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Reaction 1.2a is the more common cathodic reaction in acids and in the pH range 6.5–
8.5. The more important cathodic reaction is the oxygen reduction reaction (1.2b). Combining 
the oxidation and reduction half-reactions gives a balanced chemical equation for the overall 
reaction of iron, oxygen, and water: 
Fe + ½ O2+ H2O→ Fe2+ + 2OH−       (Eq. 1.3) 
The Fe2+ and OH− product ions may combine to form solid iron(II) hydroxide as a corrosion 
residue: 
Fe2+ + 2OH− → Fe(OH)2, iron (II) hydroxide.    (Eq. 1.4) 
This reaction is almost never observed, because the iron(II) hydroxide reacts further 
with oxygen and water to form hydrated iron(III) oxide (reaction 1.5) and flaky red–brown 
solid rust (Fe2O3.nH2O) (reaction 1.6): 
4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3, hydrated iron (III) oxide  (Eq. 1.5) 
4Fe(OH)2 + O2(g) + xH2O → 2Fe2O3.(x+4)H2O, rust    (Eq. 1.6) 
1.1.3. Types of corrosion  
Corrosion occurs in various forms and can be classified based on its formation 
mechanism, which could involve either electrochemical or direct chemical reactions. Eight 
common types of corrosion are listed below [19].  
1.1.3.1. Uniform Corrosion: This type of corrosion, also known as general attack corrosion, 
results from chemical or electrochemical reactions degrading the metal’s entire exposed 
surface, or a large fraction of it. This type of corrosion is predictable, controllable, and often 
preventable [20, 21].  
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1.1.3.2. Localized Corrosion: This type of corrosion involves intense attacks at localized 
sites of the metal structure while the rest of the surface corrodes much more slowly. Localized 
corrosion can be classified into three types, as follows [20, 22, 23]: 
 Pitting corrosion: Pits are small holes or cavities that develop in a metal due to limited, 
localized de-passivation; this area then becomes anodic. An unknown but potentially 
broad area simultaneously becomes cathodic, producing a localized galvanic reaction. 
The corrosion can penetrate the metal and lead to its failure. This form of corrosion, 
which can originate at microscopic defects on a metallic surface, is far more dangerous 
than uniform corrosion damage. It is often covered by an accumulation of corrosion 
products, which makes it difficult to detect, model, and prevent [20, 24-26]. 
 Crevice corrosion: This form of corrosion, also called contact corrosion, occurs at the 
regions of contact either between different metals or between metals and nonmetals. 
Crevice corrosion can be initiated either in acidic conditions or by an extremely low 
availability of oxygen in a crevice. It may occur at washers, clamps, sand grains, and 
under gaskets; it can also occur at applied protective films [20, 24, 26]. 
 Filiform corrosion: This affects painted or plated surfaces through the permeation of 
moisture through small defects in the coating. It results in the formation of long 
branching filaments of corrosion product, which develop from the original corrosion 
pit and degrade the protective coating [20, 27, 28].  
1.1.3.3. Galvanic Corrosion: Galvanic corrosion can occur owing to an electric potential 
difference between two dissimilar metals in the presence of an electrolyte and an electron-
conductive path. The potential difference causes electrons to flow between the two metals. 
The metal with the lower equilibrium potential thus acts as the anode of an electrochemical 
cell, and therefore corrodes and deteriorates more quickly than it would alone, while at the 
cathode no corrosion processes take place than it would otherwise. In this form of corrosion, 
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the intense corrosion of the anode is called galvanic corrosion and at the cathode no corrosion 
processes take place that known as cathodic protection [20, 29, 30].  
1.1.3.4. Environmental cracking: Environmental cracking is the formation and growth of 
cracks in a corrosive environment, which causes the failure of metals. Chemical, heat, and 
tensile stress can result in the following types of environmental corrosion [20, 31]: 
 Stress corrosion cracking  
 Corrosion fatigue 
 Hydrogen-induced cracking 
 Liquid metal embrittlement 
1.1.3.5. Flow-assisted corrosion: Flow-assisted corrosion, also called flow-accelerated 
corrosion, occurs when a normally protective film oxide present on a metal surface is dissolved 
or removed by wind or a fast-flowing liquid such as water. The underlying metal is exposed to 
further corrosion and deterioration, which then re-creates the oxide film [20, 32, 33].  
1.1.3.6. Intergranular corrosion: This form of corrosion, also known as intergranular attack, 
is a chemical or electrochemical attack on the boundaries of metal crystallites, which are more 
susceptible to corrosion than their interiors. It often occurs owing to impurities in the metal, 
which can accumulate at higher concentrations near the grain boundaries [20, 34, 35].  
1.1.3.7. Dealloying: De-alloying, or selective leaching, is a rare and unusual form of 
corrosion that occurs in certain metal alloys such as brass and gray cast iron. The alloy loses 
its active element and retains the relatively stable corrosion-resistant component in a porous 
state on the metal surface [20, 36].  
1.1.3.8. Fretting corrosion: Fretting corrosion is a rapid corrosion damage that occurs as a 
result of repeated wearing, weight, and/or vibration at the asperities of contact surfaces. It is 
characterized by the formation of pits, grooves, and oxide debris on the surfaces. This type of 
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corrosion is often found in rotation and impact machinery, bolted assemblies, ball or roller 
bearings, and surfaces exposed to vibration during transportation [20, 37, 38].  
 
1.1.4. Corrosion prevention  
Corrosion cannot be avoided, but it can be retarded or delayed in certain cases by 
using proper techniques. Depending on the metal to be protected, there are several corrosion-
prevention methods, which are generally classified into six groups:  
 Conditioning the corrosive environment 
 Conditioning the metal and surface 
 Cathodic protection 
 Corrosion inhibitors 
 Plating 
 Coating the metal 
1.1.4.1.  Environmental modification (conditioning the corrosive environment): 
Corrosion can occur through the chemical interaction of metals and alloys with impurities or 
gases that are naturally present in the unregulated surrounding environment. Therefore, 
deterioration could be impeded by purifying or altering the corrosive environment. The most 
important corrosive agents are water vapor, acid fumes, salts, hydrogen sulfide, and chloride. 
Water plays a major role in provoking the attack by other agents (except hydrogen sulfide); 
therefore, drying the atmosphere can be useful to prevent corrosion. Reducing or controlling 
other pollutants, when satisfactory drying is not possible, can also be important in reducing 
the corrosion rate. For example, treatments to adjust the hardness, alkalinity, and oxygen 
content of the feed water for boilers can be useful to reduce corrosion within the unit [39, 40].  
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1.1.4.2. Conditioning the metal and the surface: Monitoring and understanding the 
environmental conditions that cause corrosion and changing the type of metal being used can 
lead to significant reductions in corrosion. The alloying of metals to obtain materials that are 
resistant to corrosion in specific environments is constantly under investigation. Stainless 
steel, an iron-based alloy with chromium and possibly nickel additions, is an example of an 
alloy designed for corrosion prevention. Its protection is given by an invisibly thin, naturally 
formed film of chromium sesquioxide Cr2O3[41].  
The monitoring of surface texture and morphology is also important for corrosion 
protection of metals. Cracks or crevices produced on a surface as a result of wear, tear, or 
manufacturing flaws can result in a greater rate of corrosion. Therefore, appropriate 
monitoring and elimination of unnecessary surface conditions, as well as ensuring that a 
system is designed to avoid reactive metal combinations with corrosive agents, can be 
effective in corrosion reduction [42]. 
1.1.4.3. Cathodic protection: The corrosion of a metal surface can be controlled by 
converting unwanted anodic sites on the surface to cathodic sites by the application of an 
opposing current, which supplies free electrons and forces the polarization of local anodes to 
local cathodes. This method can take two forms, as follows [43, 44]:  
 A sacrificial system can be employed to introduce galvanic anodes. The protected 
metal is connected to a relatively easily corroded sacrificial metal that acts as the 
anode, which corrodes instead of the protected metal.  
 Impressed current protection introduces an alternative source of direct electrical 
current to the electrolyte. The negative terminal of the current source is connected to 
the metal, and the positive terminal is connected to an auxiliary un-sacrificed anode to 
complete the electrical circuit.  
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Cathodic protection systems can be used to protect a wide range of metallic structures 
in various environments such as the steel in water or fuel pipelines, storage tanks, pier piles, 
and the hulls of ships and boats. It can also be employed in offshore oil platforms, onshore oil 
well casings, and metal reinforcement bars in concrete buildings and structures. 
1.1.4.4.  Corrosion inhibitors: Corrosion inhibitors are chemical additives that, when added 
to a corrosive aqueous or gaseous environment, decrease the corrosion rate of a metal or alloy. 
Inhibitors are generally distributed from a solution or dispersion, and are often adsorbed onto 
metallic surfaces. The result is the formation of a protective film or passivation layer that 
prevents the access of corrosive ions or gases to the metal surface and slows the corrosion rate 
[41]. Inhibitors retard corrosion via three mechanisms, as follows [45-47]:  
 a change in the anodic or cathodic polarization behavior, 
 a reduction in the diffusion or movement of ions to the metallic surface, and 
 an increase in the electrical resistance of the metallic surface. 
1.1.4.5.  Plating: A metallic coating or plating is a surface covering of one metal deposited 
on the conductive surface of another. Plating can be decorative as well as protective. Plating 
can improve paint adhesion, IR reflectivity, or durability, or can be used to reduce friction or 
to harden the metal [41, 48]. There are various ways to plate metals. Four common types are 
described as follows [48]:  
 Electroplating: A thin layer of ionic metal (e.g., copper, nickel, tin, or chromium) is 
deposited on a substrate (generally steel, carbon, platinum, titanium, or lead) in a 
chemical solution (i.e., an electrolytic bath) containing salts of the metal to be 
deposited [20, 41].  
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 Mechanical plating: Fine metallic particles of such as zinc, cadmium, tin, or copper 
can be imparted on a substrate by cold welding, which involves tumbling the substrate 
with the metal powder and glass beads in a treated aqueous solution [20].  
 Electroless plating: The coating metal (e.g., cobalt, nickel, gold, silver, or copper) is 
deposited on the substrate metal via several simultaneous chemical reactions in an 
aqueous solution without the use of electrical power [41, 49].  
 Plating by hot dipping: Iron, steel, or aluminum can be coated with a zinc layer by 
their immersion in a molten zinc bath at 460°C [50].  
1.1.4.6.  Coating the metal: A coating can be applied to a metal as a passive method of 
corrosion protection. The interposition of a corrosion-resistant physical barrier can separate a 
metal from aggressive media such as moisture, salts, and acids. Coatings can be of various 
materials, as follows. 
 Solvent-based protective agents: The evaporation of the solvent from a solution 
containing a protective agent applied to a surface will leave a protective film on the 
substrate. The drying time is dependent on the nature of the solvent and the thickness 
of the protective film. These corrosion protection agents are often highly flammable, 
and may only be used in closed systems for reasons of occupational safety. Varnishes, 
enamels, and lacquers can be classified in this group [51, 52]. 
 Water-based protective agents: These anti-corrosion agents include emulsions and 
dispersions. The use of water gives an advantage in that other solvents are not 
generally needed, but it makes these agents highly temperature dependent; they are at 
risk of freezing or increasing in viscosity. The elevated water content also introduces a 
further drawback of increased relative humidity in the packaging area [53, 54].  
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 Corrosion-protective oils without solvent: These solutions produce poor-quality 
coatings that can be modified by the use of corrosion inhibitors. Lubricant oils used 
for corrosion protection in closed systems can be classified in this group [55, 56].  
 The object to be packaged is immersed in hot wax at 100°C. No solid bonds form 
between the film and the metallic surface, meaning the film can be easily removed [57, 
58].  
 Hybrid silane sol-gel materials: These materials, also known as organic–inorganic 
hybrid materials, are differentiated from traditional polymer composites through the 
use of nano-sized organic and inorganic moieties in a single homogenous phase. 
Hybrid materials are organically modified metallic alkoxides that are synthesized via 
well-known sol-gel procedures. The chemical structure of the organic precursor and 
the ratio of organic to inorganic moieties can be manipulated to adjust these hybrid 
materials from being very soft and flexible to being hard and brittle. These materials 
combine the advantages of organic materials (e.g., flexibility, low dielectric constant, 
and ductility) and those of inorganic materials (e.g., heat resistance, retention of 
mechanical properties at high temperature, and low thermal expansion), which gives 
them unique mechanical, electrical, and optical properties and thus wide applicability.  
Of these various protection methods, thin sol-gel films from hybrid silicon alkoxide 
precursors have received growing interest in recent decades as efficient pre-treatments 
to promote adhesion between organic coatings and metal surfaces. In particular, the 
recent development of water-based silicon alkoxide sol-gel pre-treatments has 
promoted interest in these conversion layers as a “green” technology [41, 59]. In this 
context, this thesis considers hybrid silicon alkoxides molecules for the development 
of effective and environmentally friendly protection systems against corrosion. 
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1.2. Hybrid silane sol-gel coatings 
The need to replace carcinogenic chromate-based anti-corrosion surface treatments has 
promoted the development of new environmentally friendly pre-treatments [60, 61]. Among 
the possible replacements, hybrid organic–inorganic sol-gel coatings have attracted 
considerable interest owing to their hydrophobicity, adhesion strength, and anti-corrosion 
properties [62] [63]. These coatings have been used to protect steel, zinc, aluminum, and 
magnesium substrates. Hybrid coatings can be prepared via a sol-gel procedure using organic 
polymers and metallic alkoxides of zirconium, titanium, cerium, tin, aluminum, and silane as 
the main precursors [64].  
A silane sol-gel film can allow an organic coating to adhere strongly to a metal 
substrate. It also provides a thin barrier that effectively prevents oxygen from diffusing to the 
metal [65]. The good barrier properties of such films arise through the formation of a dense –
Si–O–Si– network, which hinders the penetration of corrosive species to the substrate. 
Consequently, the effectiveness of silane coating pre-treatments strongly depends on the 
barrier properties of the film [66-68]. These barrier properties can be enhanced through the 
addition of small amounts of chemicals with specific properties, such as self-healing [69]. 
Self-healing can be defined as the partial recovery of the protective properties of a damaged 
coated system [67]. 
Recent investigations of sol-gel processes have aimed to develop silane sol-gel 
coatings doped with environmentally compatible inhibitors, such as cerium compounds [69-
72]. These systems can combine the barrier properties of silane sol-gel coatings with the 
ability of the cerium ions to inhibit corrosion [72, 73]. Cerium ions inhibit corrosion by 
migrating through the coating to the location of attack (e.g., a defect in the coating), and then 
reacting to passivate the site. Therefore, they act as cathodic inhibitors at active sites through 
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the precipitation of insoluble cerium hydroxide at local regions of high pH [72, 74]. Cerium 
nitrate can improve the protection of galvanized steel substrates from corrosion when used 
either as a conversion film [75-77] or as a corrosion inhibitor through its addition to a silane 
formulation [73, 78-80]. 
The protective properties of silane coatings can also be improved by the addition of 
oxide nanoparticles, which can be synthesized in the films, as demonstrated for sol-gel 
coatings [67, 81], or they can be added to the pre-treatment solutions [81]. Mg alloys pre-
treated with sol-gel coatings containing ZrO2 and CeO2 nanoparticles have been reported to 
show enhanced corrosion protection (due to the CeO2) and improved wear resistance (due to 
the ZrO2) [81]. Montemor et al. [67, 81] reported a new approach that involves the 
modification of bis- (triethoxysilylpropyl) tetra sulfide silane (BTESPT) with nanoparticles 
such as CeO2, SiO2, or CeO2–ZrO2. Improved corrosion resistance could also be achieved by 
initially activating the nanoparticles with cerium nitrate. Ceria nanoparticles were shown to be 
very effective fillers, improving both the barrier properties of the silane coatings and the 
overall corrosion resistance.  
The protective behavior of the silane based sol-gel coatings depends on the various effective 
parameters such as concentration of cerium ions and nanoparticles, coating curing condition, 
effect of additives such as alcohols or diols and nanoparticles and pH of electrolyte solution 
(see above). Against the vast work on the study of the protective performance of cerium 
doped silane sol-gel coatings, very little has been focused on optimizing these parameters. 
Montemor et al. [82] studied the protection performance of cerium doped silane coating in 
0.05 M NaCl solutions with different pH.  Phanasgaonkar et al. [83] investigated the effect of 
curing temperature, silica nanoparticles- and cerium on surface morphology and corrosion 
behaviour of hybrid silane coatings on mild steel.  
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In comparison with other metal–organic-based precursors, the chemistry of silicon–
organic-based sol-gel films and the mechanism of their interaction with a metallic substrate 
and an organic coating have been widely examined [84, 85]. Deposition of hybrid silane sol-
gel coatings generally occurs in four stages, as follows [86-89]:  
1. the hydrolysis of the silicon alkoxides molecules; 
2. the condensation reaction and polymerization of monomers to form chains and 
particles; 
3. the growth of the particles (or chains) and 
4. the agglomeration of the polymer structures and the formation of a network.  
Both the hydrolysis and condensation reactions generally occur simultaneously once 
the hydrolysis reaction has been initiated. In the presence of water, Si–OR groups (where R is 
an organic group) hydrolyze to Si–OH (silanol) groups following approximately the steps in 
Figure 1.1.  
As shown in the figure, both the hydrolysis and condensation steps generate low-
molecular-weight byproducts such as alcohol and water, which must be removed from the 
system. Their removal during drying causes further condensation and shrinkage of the 
tetrahedral SiO2 network [87, 88].  
Silane solutions can be applied to a metal substrate through various techniques (e.g., 
spraying, electro-deposition, and dip- and spin-coating), of which dip- and spin-coating are 
the two most-commonly used methods [86, 87].  
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Figure 1.1. Hydrolysis and condensation reaction involved in making sol-gel derived silica materials 
(Reprinted with permission from J. Wen and G. Wilkes, Chem. Mater. 8 (1996) 1667 [90]. 
Copyright American Chemical Society).  
 
As illustrated in Figure 1.2, when a hybrid coating is applied to a metallic surface, 
silanol groups can interact with hydroxyl groups in equilibrium with the oxide film on the 
 Chapter 1  
16 
 
metal surface. This silanol–hydroxyl interaction can lead to the formation of strong covalent 






























Figure 1.2. Evolution of a covalently bound sol-gel derived thin film on a metal surface (Reprinted 
with permission from T.L. Metrok et.al., Progress in Organic Coatings 41 (2001) 233 [90]. 
Copyright Elsevier).  
 
As far as organofunctional silanes are concerned, the mechanism of film formation is 
very similar. Organofunctional silanes are hybrid molecules containing one or more non-
hydrolysable substituents linked to the silicon atom [91]. The structure of this kind of 








Figure 1.3. Structure of organofunctional silanes (Reprinted with permission from F. Beari et al., 
Journal of Organometallic Chemistry 625 (2001) 208 [91]. Copyright Elsevier).  
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Where RO is a hydrolysable group, such as methoxy, ethoxy, or acetoxy, and X is an 
organofunctional group, such as amino, methacryloxy, epoxy, etc. The organofunctional 
alkoxysilanes are classified according to their organic functions: 
 Aminosilanes: the organic function is a primary or secondary amine 
 Glycioxysilanes: the organic function is an epoxide and 
 Mercaptosilanes: the organic function is a thiol. 
These molecules, because they have two different reactive groups on their structure, 
can react and couple with very different materials. This allows them to be used in a wide 
range of applications, for example as adhesion promoters, crosslinking agents, and 
mechanical reinforcements of ceramic surfaces. Alkoxide groups in the presence of water can 
be hydrolyzed to generate a sol-gel network, which can be connected to an inorganic metal 
substrate by chemical bonds. Conversely, the organic functionality embedded in the silane 
film can be polymerized and chemically interact with an organic coating. In this simple 
model, a permanent bond between the inorganic substrate and the organic matrix is produced 
by means of stable chemical bonds [91].  
 
1.3. Scope and objectives of this work 
The aim of this work is the evaluation of the self-healing properties of cerium-doped 
silane hybrid coatings, which can be used as environmentally compatible protective coatings 
for steel surfaces that are subjected to corrosion in specific environments. In this work, the 
effects of various parameters upon the microstructure, morphology, and protective properties 
of the coatings, such as the coating curing condition, the cerium ion concentration, and the 
presence of additives including bisphenol A (BPA), cerium nitrate, CeO2 nanoparticles, and 
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ZrO2 nanoparticles were investigated. Four different types of steels were considered: 
austenitic 316L and 304L stainless steels (SS), hot-dip galvanized steel (HDG), and electro-
galvanized steel (ELG). Based on literature data [93, 94], their corrosion resistance in a NaCl 
solution is ranked as: 316L SS > 304L SS > HDG > ELG. This use of this set of substrates 
allows us to obtain a better view of the corrosion inhibition performance of cerium doped 
silane hybrid coatings and in some cases results in a decrease of the experimental time. An 
example of this is the duration of the salt spray test of the silane hybrid coating modified with 
cerium nitrate and CeO2 nanoparticles on 304L SS and HDG substrates that was reduced from 
2000 h to 144 h respectively (Chapters 5 and 7). 
The influence of cerium and BPA, as well as the drying conditions, on the 
microstructures of the coatings were examined using Fourier transform infrared (FTIR) 
spectroscopy. The morphological and microscopic features of the coated substrates were 
evaluated using atomic force microscopy (AFM) and scanning electron microscopy (SEM) 
before and after corrosion testing. Corrosion of the sol-gel coatings was assessed via neutral 
salt spray tests, electrochemical impedance spectroscopy (EIS), and potentiodynamic 
polarization tests. 
The research work of the thesis is divided into seven parts. After an explanation of the 
methodology used in this work (Chapter 2), the first research part (Chapter 3) focuses on 
evaluating the structure and corrosion protection performance of silane hybrid coating (SHC) 
as a pre-treatment on austenitic 316L SS. The SHC were prepared from the hydrolysis and 
condensation of 3-glycidoxypropyl-trimethoxysilane (GPTMS) precursor and BPA cross-
linking agent in acid-catalyzed conditions. The resulting colloidal sol was applied to cleaned 
substrates by dip coating. To study the effects of the drying method on the microscopic 
features and morphology of the hybrid coatings, a series of the silane-treated substrates was 
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dried at ambient temperature (25°C) for 2 weeks. Another series was dried at ambient 
temperature for 24 h and placed in a furnace to cure at temperatures ranging from ambient to 
130°C for 90 min to allow extensive cross-linking in the silane films.  
The second part (Chapter 4) consists of a detailed study of Cedoped SHC on 304L 
SS specimens with Ce(NO3)3 6H2O as a corrosion inhibitor. Furthermore, the effects of BPA 
as a cross-linking agent on the microscopic features, morphology, and corrosion performance 
of the Ce-doped SHC were assessed. In comparison with 316L SS, 304L SS has a lower 
corrosion resistance in NaCl solution, which allows it to better demonstrate the corrosion 
inhibition performance of the Ce-doped SHC. The Ce-doped sol-gel coatings can also provide 
self-healing properties, which can automatically repair corroded areas, thereby providing 
long-term corrosion protection. 
The most suitable way to evaluate the self-healing ability of a coating is via the 
application of an artificial defect on its surface and the monitoring of its behavior using, for 
example, electrochemical impedance spectroscopy [82]. Therefore, the third part (Chapter 5) 
consists of an investigation of the self-healing ability of cerium-modified sol-gel coatings on 
304L SS substrates by monitoring their electrochemical behavior before and after the 
application of a defect. Cerium nitrate and cerium oxide nanoparticles were used as Ce 
sources, and the electrochemical behavior of the sol-gel coatings doped with cerium nitrate 
was compared with that of sol-gel coatings containing cerium oxide nanoparticles. The coated 
samples were immersed in the electrolyte for one week, before a defect was created on the 
surface.  
Other works [69, 94] have shown that the protective behavior of pre-treatments based 
on Ce-doped silane solutions depends on the dopant concentration. Their results also suggest 
that there is an optimum concentration of dopant, because higher or lower concentrations 
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impair the coating barrier properties. Therefore, in the fourth part (Chapter 6), the effects of 
Ce concentration on the morphology and the protective performance of Ce-doped silane 
hybrid coatings applied to HDG were investigated. The low corrosion resistance of the HDG 
substrates in comparison with that shown by 316L or 304L SS, allow a better estimation of 
the effect of Ce concentration on the protective performance of the silane coatings.  
A new approach is proposed in the fifth part (Chapter 7) to study Ce-doped silane 
coatings: CeO2 nanoparticles were activated with Ce ions and then used as fillers in the silane 
films. The nanoparticles were added to improve the barrier properties of the silane film, and 
the presence of cerium ions aimed to introduce corrosion inhibition properties to the bulk of 
the silane film. The nanoparticles with Ce ions were activated to reduce the agglomeration of 
nanoparticles by stabilizing their surface charge, as demonstrated elsewhere [67].  
Literature data suggest that the protective behavior of silane coatings modified with 
cerium-salt-activated CeO2 nanoparticles depends on the concentration of the nanoparticles 
[81]. Therefore, part six (Chapter 8) focuses on the effects of the concentration of CeO2 
nanoparticles on the barrier properties and the self-healing performance of silane coatings 
filled with cerium-activated nanoparticles on electro-galvanized steel substrates. ELG steel 
has a smooth surface and is coated with a thinner layer of zinc in comparison with HDG steel. 
Thin layers of zinc coating provide lower protection, and thus allowed a better estimation of 
the barrier properties of the nanoparticles. The practical aspect of the work involved the 
synthesis of cerium-doped silane coatings with different CeNO3/CeO2 molar ratios.  
Corrosion inhibitors directly introduced into the silane formulation have difficulty 
providing long-term protection to metals. To heal corrosion spots, a slow release of the 
inhibitor would be desirable [95, 96]. This shortcoming calls for the development of nano-
reservoirs to isolate inhibitors and prevent their direct interaction with the sol-gel matrix. 
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Cerium-salt-activated nanoparticles fix cerium ions on their surface, distributing the inhibitor 
molecules homogeneously in the bulk of the film, and slowly releasing them when required 
[63, 97]. Literature data suggest that zirconium oxides possess attractive properties such as 
improved resistance to wear and corrosion, biocompatibility, and heat resistance, as well as 
good adhesion to metallic surfaces [62]. These particles could act as a reservoir for corrosion 
inhibitors, and thus might facilitate an important enhancement of their barrier properties. 
Compared with CeO2 nanoparticles, ZrO2 nanoparticles are inert and can no longer offer 
adequate protection if the coating is damaged owing to their lack of self-healing capabilities 
[62]. The combination of CeO2 and ZrO2 nanoparticles can play an active role in corrosion 
protection performance when they are added as fillers to hybrid silane coatings. In this 
context, the last part (Chapter 9) focuses on the protective behavior of silane coatings 
modified with cerium-salt-activated CeO2ZrO2 nanoparticles on electro-galvanized steel 
substrate.  
Finally, the major outcomes of the research are summarized in the concluding chapter. 
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This chapter consists of a brief discussion of the techniques used in this work, which 
comprise: Fourier transform infrared spectroscopy (FTIR) to study the effect of some 
parameters on the microstructures of the coatings; microscopic techniques including atomic 
force microscopy (AFM), optical microscopy and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS) to study the morphological and microscopic 
features of the bare and coated substrates; thickness measurement methods including 
electromagnetic method to measure the thickness of zinc coating on galvanized steel samples 
and eddy-current method and SEM to measure the thickness of hybrid coatings and corrosion 
evaluation tests including neutral salt spray testing and electrochemical corrosion 
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measurement methods, i.e., potentiodynamic polarization and electrochemical impedance 
spectroscopy (EIS). 
2.2. Fourier transform infrared spectroscopy (FTIR)  
2.2.1. Introduction 
FTIR spectroscopy is one of the most useful techniques for identifying organic and 
inorganic materials. The various sampling methods mean that it can be applied to the analysis 
of a wide range of sample types such as solids, liquids, and gases in a wide spectral range. 
The analysis of collected FTIR data involves the conversion of an observed interference 
pattern by using a Fourier transform into an actual spectrum [1-3]. FTIR is a non-destructive 
technique and provides a precise measurement method without need to any external 
calibration. This technique improves the quality of infrared spectra and minimizes the time 
required to obtain data.  
This method is based on the identification of functional groups and chemical bonds 
through observation of their characteristic infrared radiation absorption frequencies. The 
collective effect produces the FTIR spectrum, which can be used to identify the chemical 
bonds in the molecules. Each pure material has a unique FTIR spectrum, effectively a 
molecular fingerprint. Like a fingerprint no two unique molecular structures produce the same 
infrared spectrum. This makes infrared spectroscopy useful for several types of analysis. 
In comparison with the simple spectra of inorganic materials, organic materials have 
complex spectra with numerous minima and maxima, which can be used to identify the 
constituent groups of unknown compounds through comparison with a library of known 
compounds. To identify less-common materials, FTIR can be combined with other 
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techniques, such as nuclear magnetic resonance, mass spectrometry, emission spectroscopy, 
and X-ray diffractometry [4, 5].  
2.2.2. Fundamental vibrations of molecules 
In the absorption spectroscopy techniques, when infrared (IR) light incident on the 
sample, selectively absorbed by material molecules and converted into their oscillatory 
energy. The frequencies and intensities of absorbed infrared radiation depend on the various 
characters, such as chemical structure of the molecule, type of bonds, relative atomic weights, 
and spatial position of atoms in a molecule, intra- and intermolecular interaction forces. The 
condition of the material, such as the temperature, the state (solid, liquid, or gas), 
concentration, pressure, and other materials in a mixture also affect the spectrum [6].  
For a molecule to show infrared absorptions it must possess a specific feature, i.e. an 
electric dipole moment of the molecule must change during the vibration. In other words, the 
electronic charge distribution from one side of the bond to the other must occur. For example, 
consider hydrogen chloride, HCl. When HCl vibrates along the bond, the chlorine takes on a 
slightly more negative charge, and the hydrogen takes on a slightly more positive charge. 
Consequently, a change in dipole moment of the HCl molecule occurs.  
During absorption, various vibration modes can be generated, such as: Stretching 
vibration which is the increasing or decreasing of the distance between two atoms, Bending 
vibration is the changes of the position of the atom relative to the original bond axis, 
Scissoring vibration is the bending of a bent molecule (e.g. H2O) inward and outward and 
Rocking vibration is a twist of a bond with several other adjacent atoms. As molecules get 
more complex, the number of possible modes increases as 3n-6, where n is the number of 
bonds [4-6].  
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The intensity of a beam after passing through sample (I), is measured by either 
absorbance or percent transmittance on the y-axis and by either the wavelength (µm) or 
wavenumber (cm-1) to measure the position of an infrared absorption on the x-axis.  
If the intensity of the primary incident beam on a sample is equal to I0, the relation 
between intensity, transmittance and absorbance is as follows [7]:  
T = I/I0           (Eq. 2.1) 
A = log (I0/I) = -log T=ecL        (Eq. 2.2) 
Where, e is the molar extinction coefficient or molar absorptivity, c is the 
concentration or the number of molecules of the material being sampled and L is the sample 
path length. The sample path length term means that a longer or thicker sample will absorb 
more strongly.  
In this work, FTIR was used to examine the influences of cerium and bisphenol A 
(BPA) as well as the effect of the drying conditions on the microstructures of coatings. The 
measurements were taken using a Bio-Rad 575C spectrophotometer in the mid-IR range from 
4000 to 400 cm−1. All spectra were taken at an incident angle of 45° normal to the surface of 
the specimen, with a spectral resolution of 4 cm−1. For each measurement, 64 scans were 
collected. 
2.3. Atomic force microscopy (AFM)  
Atomic force microscopy (AFM) is part of a microscopy group that called scanning 
probe microscopy (SPM). SPM has its roots in scanning tunneling microscopy, which 
measures the topography of surface electronic states as well as charge density, magnetic field, 
and other surface properties by using tunneling current. SPM research measurements depend 
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on the interaction between the probe tip and the surface of the conductive or semi conductive 
sample and includes the viewing of charge density waves [8, 9]. The main limitation of SPM 
is the requirement of sample conductivity. The atomic force microscope (AFM) was 
developed to overcome this limitation. This technique can be used for imaging almost any 
type of surface, including polymers, ceramics, composites, glass, and biological samples. 
Also, AFM can be applied to a sample in its natural state, in an environment of air, liquid, or 
vacuum, to generate very-high-resolution topographic images without the need to alter the 
sample destructively by preparation methods such as drying, coating with metal, or freezing. 
Additionally, with this technique, directly visualizing the nanometer-sized objects and 
measuring the dimensions of the surface feature is possible [9-11].  
AFMs operate by measuring the interactive force between a tip and the sample surface 
using special probes that made by a micro-fabricated tip connected to an elastic cantilever. To 
form a highly magnified 3D image of a surface, the tip is brought close to the sample and 
raster-scanned over the surface. The force applied to the tip by the surface, results in bending 
of the cantilever which by measuring the cantilever deflection, it is possible to evaluate the 
tip–surface interactive force. The forces acting on the tip vary and depending on the sample´s 
nature, imaging mode and conditions used in the measurements [12]. 
The main interactions at short probe-sample distances are Van der Waals interactions 
that are present in all force microscope experiments and arise from the instantaneous 
polarization of atoms which interact with surrounding atoms [12]. 
Long-range interactions such as capillary, electrostatic and magnetic are significant 
further away from the surface which are important in other SPM analyzing methods [12].  
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During contact with the sample, at short distances (≈ 0.1 nm), the probe mainly senses 
repulsive Van der Waals forces (contact mode) that lead to the cantilever deflection. As the 
tip moves further away from the surface (up to 10nm), attractive Van der Waals forces are 
dominant (non-contact mode). 
The total van der Waals potential energy of two atoms, located at a distance r from 
each other can be qualitatively estimated by Lennard-Jones potential equation [13]: 
= 4 − =  − 2     (Eq. 2.3) 
The first term of the sum describes short range repulsion and the second term takes 
into account the long-distance attraction caused, basically, by a dipole-dipole interaction. In 
this equation VLJ is the intermolecular potential between the two atoms, ε is the potential well 
depth and a measure of how strongly the two particles attract each other, σ is the finite 
distance at which the inter-particle potential is zero, r is the distance between the particles that 
measured from the center of one particle to the center of the other particle, and rm is the 
distance at which the potential reaches its minimum. At rm, the potential function has the 
value -ε. The distances are related as rm = 21/6 σ (1.122σ). 
AFM images can be gathered in contact, non-contact or tapping mode. In contact 
mode, the deviation of the cantilever induced by the force between the tip and the sample is 
monitored by a laser and photodiode to generate an image of the surface. Depending on the 
sharpness of the tip, the spatial resolution of the technique is 1–20 nm. To prevent damage to 
the cantilever tip damaging the sample surface, the force between the two should be constant. 
For this reason, the cantilever tip is maintained at a constant angular deflection that is 
achieved using a feedback mechanism that adjusts the distance between it and the surface. 
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The forces applied between the tip and the sample typically ranges from 10−11 to 10−7 N [8, 
9].  
In non-contact mode, a small piezo element is mounted under the cantilever to make it 
oscillate at its resonance frequency. When the distance between the surface and this 
oscillating cantilever is within 10–100 nm, the oscillation is modified by the interaction 
forces between the tip and the sample. The changes in the oscillation causes a decrease in 
resonant frequency and amplitude as well as a phase shift, which are detectable changes that 
can be used to generate an image of the surface [8, 9]. 
In tapping mode, similar to non-contact mode, the cantilever is driven to oscillate up 
and down at near its resonance frequency by a small piezoelectric element mounted in the 
AFM tip holder. However, the amplitude of this oscillation is greater than 10 nm, typically 
100 to 200 nm. The interaction of forces acting on the cantilever when the tip comes close to 
the surface, cause the amplitude of this oscillation to decrease as the tip gets closer to the 
sample. An electronic servo uses the piezoelectric actuator to control the height of the 
cantilever above the sample. The servo adjusts the height to maintain a set cantilever 
oscillation amplitude as the cantilever is scanned over the sample. A tapping AFM image is 
therefore produced by imaging the force of the intermittent contacts of the tip with the sample 
surface [8, 9].  
In this work, the microscopic features of the coated substrates were evaluated using 
AFM. Images were obtained under ambient conditions using a multimode scanning probe 
microscope (Digital Instruments, USA) equipped with a Nanoscope IIIa controller. 10× 10 
µm, 5× 5 µm and 1× 1 µm scans were recorded in tapping mode using a silicon cantilever 
(OTESPA, Veeco, USA). Nanoscope software (version 4.43r8) was used to analyze the 
surface roughness, and the recorded images were modified using an automated x-y plane fit. 
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Also, the microscopic features of the bare substrates were evaluated using a Park 
systems XE-70 AFM microscope. Images were recorded under ambient conditions in non-
contact mode using a PPP-NCHR 10M non-contact cantilever.  
2.4. Optical microscopy  
Advances in digital imaging and analysis have enabled scientists to carry out faster 
and more efficient quantitative measurements on specimens ranging from photosensitive 
caged compounds and synthetic ceramic superconductors to real-time fluorescence 
microscopy of living cells in their natural environment. The optical microscope which often 
referred to as the light microscope, with help of digital video, can be used to image very thin 
optical sections, and confocal optical systems. This type of microscope uses visible light and a 
system of lenses to produces magnified images of small specimens and there is in two basic 
configurations: simple microscope and compound microscope [14]:  
In simple microscope, a lens or set of lenses uses to enlarge a sample via angular 
magnification which giving the viewer an erect magnified virtual image. Simple microscope 
does not have the ability to produce high magnified images. 
In compound microscope, a lens that called objective lens, collects light diffracted by 
the sample and forms a real image. The image is then magnified by eyepieces or oculars 
which gives the viewer an inverted magnified virtual image of the sample. In more advanced 
illumination setups of compound microscopes, a condenser lens focuses the light from the 
illuminator onto a small area of the specimen. Although illumination of the specimen is 
important, the objective lens is the most critical component of the microscope. Its properties 
determine depth of focus, resolution, and contrast of the specimen. The eyepiece simply 
magnify the resolved detail in the real intermediate image formed by the objective, which 
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permits a detector (eye or camera) to record what has been resolved. Combination of objective 
and eyepieces lenses allows to produces images with high magnification and reduces 
chromatic aberration [14, 15]. 
The first and most critical step in setting up a microscope for optimal resolution 
involves the mechanics of Köhler illumination which was first described in 1893 by August 
Köhler. In this method of sample illumination, a collector lens on the lamp housing is adjusted 
so that it focuses an image of the lamp filament at the front focal plane of the condenser while 
completely filling the aperture. It provides efficient, bright, and even illumination in the 
specimen field, minimizes internal stray light, and allows for control of contrast and depth. 
Under Koehler illumination condition, only the specimen area viewed by a given 
objective/eyepiece combination is illuminated and no stray light or noise is generated inside 
the microscope [14].  
In this work, the surface characterization of the bare and coated 316L stainless steel 
samples after immersion in neutral 3.5% NaCl solution, were assessed using an optical 
microscope Nikon SMZ 800 with operating software NIS Elements D 3.0. 
2.5. Scanning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDS)  
Scanning electron microscopy (SEM), a powerful technique for the characterization 
of materials, is widely used in metallurgy, geology, biology, and medicine. It generates high-
magnification images, which allows the analysis of small features, such as individual crystals 
[16-18].  
In a scanning electron microscope a beam of electrons generated by a tungsten 
filament or field emission gun is accelerated by a high voltage (e.g., 15 kV) before it is passed 
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through a system of apertures and electromagnetic lenses to produce a narrow electron beam. 
The electron beam is scanned across the sample’s surface by a scan coil. The interaction of 
the electron beam with the sample causes radiation to be emitted from the sample, which is 
collected by a detector. Analysis of the detected radiation allows an image of the sample to be 
constructed or its elemental composition to be determined [16, 17].  
There are different types of electron image. The two most common are compiled from 
the detection of secondary electrons and backscattered electrons. Secondary electrons are 
those emitted from the atoms occupying the top surface of the sample; their detection can be 
used to produce a high-resolution image. Backscattered electrons are primary electrons from 
the incident beam that are reflected from atoms in the solid; the resulting images are of lower 
resolution than secondary electron images, because the electrons are emitted from within the 
sample, not its surface [16-18]. 
The interaction of the primary electron beam with atoms in the sample also causes 
shell transitions, which lead to the emission of X-rays. The energy of each X-ray is 
characteristic for its parent element. The analysis of these X-rays constitutes an elemental 
analysis technique known as energy dispersive X-ray spectroscopy (EDS). EDS can provide 
qualitative or, with the use of adequate standards, quantitative analysis of elemental 
composition. It can also be used to form maps or line profiles showing the elemental 
distribution on a surface [16, 19]. 
In this study, SEM measurements were performed using an XL30 SEM microscope 
(Philips, Netherlands) equipped with an EDS spectroscope. The silane coatings were observed 
before and after EIS measurements. Secondary electron images were collected at 15 and 20 
kV. 
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2.6. Coating thickness measurements  
The most commonly used measuring techniques for coating thickness include 
nondestructive methods such as magnetic induction and eddy current methods and also 
destructive methods such as cross-sectioning measurement.  
The magnetic induction method measures non-magnetic coatings thickness over 
ferrous substrates and magnetic coatings over non-magnetic substrates. Magnetic gages 
measure either the magnetic attraction between a magnet and a magnetic material such as 
steel, or measure the magnetic flux change through a coating to a magnetic steel substrate. In 
this method, the probe of a magnetic gauge is placed on the point of the surface to be 
measured. When the probe is positioned, the linear distance between the probe tip that 
contacts the surface and the base substrate is measured. Magnetic induction instrument uses 
an alternating magnetic field that generates by a coil inside the measurement probe. A second 
coil of wire is used to detect changes in magnetic flux. The output of the secondary coil is 
transferred to a microprocessor where it is viewed as a coating thickness measurement on a 
digital display [20].  
The common types of the magnetic gages are electromagnetic and Pull-Off gages that 
the last one is the mechanical gage. Mechanical gages measure the strength required to pull a 
magnet away from magnetic material such as steel. The typical accuracy of this method is + 
5% in dial-type and + 10% in pen-style gages. Electronic gages measure the change in flux 
density using electronic circuitry and the accuracy of these gages is +1%. The magnetic 
induction method is simple, fast and inexpensive. It’s also accurate and repeatable, and 
measurements are instantaneous with a digital display.  
Eddy current method measures the thickness of non-conductive coatings over 
conductive substrates. This method uses a probe that contains a coil which conducting a high 
frequency alternating current (above 1 MHz) to set-up an alternating magnetic field. When the 
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probe is brought near a conductive surface, the alternating magnetic field will set up eddy 
currents on the surface, which results in the impedance change of the probe coil. The substrate 
characteristics and the distance between the probe-coil and the conductive substrate material 
affect the magnitude of impedance change. Therefore, coating thickness is determined by the 
impedance change in the form of a digital reading. Typical tolerance of this method is +1% 
[20, 21]. 
Cross-sectioning measurement is a method to measure the local thickness of 
coatings by examination of cross-section with a scanning electron microscope. A special 
cutting tool is used to make a small, V-groove through the coating and into the substrate. This 
method is destructive and has an uncertainty of less than 10%. This method is used when 
inexpensive, nondestructive methods are not possible, or as a way of confirming 
nondestructive results [22].  
In this work, the thickness of zinc coating on galvanized steel samples measured by 
using of an electromagnetic gage (Elcometer 355 probe module, Braine Instruments). The 
specimens coating thickness is the average of 20 readings at widely dispersed points.  
The thickness of hybrid coatings was measured by eddy – current method on 20 points 
of sample by using of Check line 3000 pro instrument (Germany). Additionally, in some 
cases, for simultaneously study of microstructure and the thickness of the coated samples, the 
thickness was measured by cross-sectioning method on 10 points of the cross-section of 
samples. 
2.7. Salt spray test  
The salt spray test is an accelerated laboratory corrosion testing method used to 
evaluate the relative corrosion resistance of bare and coated metallic specimens. Samples are 
exposed to a salt spray or salt fog atmosphere at an elevated temperature. This method is the 
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oldest corrosion test that remains in wide usage for the evaluation of the corrosion resistance 
of finished surfaces or parts. For example, it is used in industrial, marine, automotive, aircraft, 
and military testing. The test offers numerous advantages; it is inexpensive to conduct and can 
be used to test bare metal and painted or coated samples. Compared with testing in the natural 
environment, the assessment duration is short [23, 24].  
The most common and widely used standard method is the ASTM B-117 salt spray 
test standard that specifies the use of a salt solution dispersed into uniform droplets to act on 
specimens supported or suspended between 15°–30 from the vertical. A typical salt solution 
would comprise 5% sodium chloride. The temperature within the chamber is maintained at 35 
C. The samples to be tested are inserted into the chamber, and then the salt solution is 
sprayed over them. The application of a continuous spray ensures that the samples are 
constantly wet, and thus constantly subject to corrosion [25].  
The appearance of corrosion products is evaluated after a test duration that depends on 
the corrosion resistance of the sample. A more resistant sample would require longer testing 
than a less resistant sample, which would show signs of corrosion sooner.  
The corrosion resistance of the bare and coated substrates was evaluated here in a 
neutral salt spray test that followed the ASTM B117 [25] procedure using a 5% NaCl 
solution. Prior to exposure, the back and edges of the plates were covered with adhesive tape. 
An artificial scratch that reached the substrate was made in the coating to examine possible 
delamination. Visual assessment of the macroscopic surfaces was carried out at various 
intervals throughout the total exposure time. 
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2.8. Potentiodynamic polarization measurements  
2.8.1. Electrochemical principles  
Corrosion can occur through electrochemical reactions at the interface of a metal 
surface and an electrolyte. These reactions can be investigated by various electrochemical 
methods, such as EIS, cyclic voltammetry, and potentiodynamic polarization measurements 
[23, 26, 27].  
Potentiodynamic polarization measurements record the potential versus current to 
yield information on the corrosion rate, passivity range, pitting tendency, and corrosion 
protection afforded by coating layers. Testing involves sweeping the potential of a metallic 
sample in the positive direction at a very low scan rate, thus the metallic sample acts as an 
anode, which causes it to corrode or to form a passive oxide film [23, 28, 29]. 
A metallic specimen in contact with a corrosive medium oxidizes, which releases 
electrons into the metal. A complementary reduction reaction of solution species, such as O2 
or H+, can remove electrons from the metal which causes developing a potential and occurring 
the corrosion. This potential is called corrosion potential (Ecorr) or mixed potential. [23, 28].  
Experimental potentiodynamic polarization measurements are characterized by 
plotting the logarithm of absolute current response with respect to the applied potential. This 
plot is known as a potentiodynamic polarization plot, in which potentials negative of Ecorr give 
rise to cathodic currents, whereas potentials positive of Ecorr give rise to anodic currents [23, 
28]. 
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2.8.2. Polarization resistance 
During polarization resistance measurements, a potential range very near to the 
corrosion potential (± 25 mV about Ecorr) is swept, and the resulting current is plotted versus 
the potential. The corrosion current (icorr) is related to the slope of the plot through equation 




2.3( )( + )
β βE i
i β β
        (Eq. 2.4) 
where ΔE/Δi is the slope of the polarization resistance plot with ΔE expressed in volts and Δi 
is expressed in μA. The slope has units of resistance, hence, polarization resistance. βA and βC 
are respectively the anodic and cathodic Tafel constants, which have units of volts/decade of 
current. icorr is the corrosion current in microamperes.  
The corrosion current can be related directly to the corrosion rate through equation 2.2. 
  corr0.13 (E.W.)Corrosion rate mpy =
d
i       (Eq. 2.5) 
Where mpy is the penetration rates (mm.y-1 or milli-inch per year), E.W. is the equivalent 
weight of the corroding species expressed in grams, d is the density of the corroding species 
(g/cm3), and icorr is the corrosion current density (μA/cm2). 
2.8.3. Tafel plots 
A Tafel plot of a metallic sample is compiled through anodic and cathodic polarization 
of the sample by 300 mV from the corrosion potential [23, 29, 32]. The resulting current is 
plotted on a logarithmic scale as shown in Figure 2.1. 
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The corrosion current (icorr) is obtained from a Tafel plot by extrapolating the linear 
portions of the curves to Ecorr. The anodic and cathodic Tafel plots are described by the Tafel 
equation [29, 33]: 
corr
=  log iη β
i
          (Eq. 2.6) 
where η is the overvoltage (the difference between the potential of the specimen and the 
corrosion potential), β is the Tafel constant in either mV/decade or V/decade (a decade of 
current is one order of magnitude), and icorr is the current in μA at overvoltage η. The two 
Tafel constants, βA and βC, are derived from the respective anodic and cathodic portions of the 
Tafel plot. 
In this work, potentiodynamic polarization tests assessed the corrosion of the silane-
treated steel substrates in a 3.5 % NaCl solution. An Autolab PG-STAT 20 potentiostat 
(Metrohm, Switzerland) was used to assess a three-electrode system consisting of an Ag/AgCl 
KClsat reference electrode, a platinum mesh counter electrode, and the sample as the working 
electrode. Potentiodynamic measurements were performed over the range -1500 to 1000 mV 
versus Ag/AgCl KClsat at a rate of 1 mV/s. These measurements were performed three times. 
Tafel extrapolation conducted according to the ASTM Standard G3-89, 2004 [24] was used to 
determine icorr and Ecorr. 
 




Figure 2.1. Classic Tafel Analysis. (Reprinted with permission from S. Papavinasam, Electrochemical 
polarization techniques for corrosion monitoring, in: L. Yang (Ed.), Techniques for Corrosion 
Monitoring, (2008) [34]. Copyright Woodhead Publishing Limited). 
2.9. Electrochemical impedance spectroscopy (EIS)  
2.9.1. Introduction 
EIS, or the ac impedance method, is a powerful technique for the characterization of 
electrochemical systems and complex interfaces. The method evaluates the response of a 
system to the application of a small periodic amplitude ac signal over a sufficiently broad 
range of frequencies. Analysis of the response can provide information about the influence of 
effective physical and chemical phenomena at the interface, the structure of the sample, and 
its possible reactions. This method is widely used in the characterization of materials used in 
coatings, fuel cells, batteries, and semiconductors. It can also be used to assess corrosion 
phenomena [35-39].  
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2.9.2. Principles of electrochemical impedance spectroscopy measurements 
As mentioned above, electrochemical impedance is usually measured by applying a 
small-amplitude sinusoidal excitation potential to an electrochemical cell, and then measuring 
the current or voltage response through the cell. The cell’s response is thus pseudo-linear. In a 
linear (or pseudo-linear) system, the current response to a sinusoidal potential will be 
sinusoidal at the same frequency but shifted in phase [39], as shown in Figure 2.2. 
The excitation signal, expressed as a function of time, has the form [35-40]: 
Et = E0sin(t)          (Eq. 2.7) 
where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the particular 
frequency. The relationship between ω in radian/s and frequency (f) in hertz is 
ω = 2f          (Eq. 2.8) 
 
Figure 2.2. Sinusoidal current response in a linear system. (Reprinted with permission from V.F. 
Lvovich, Fundamentals of Electrochemical Impedance Spectroscopy, in: V.F. Lvovich, 
Impedance Spectroscopy: Applications to Electrochemical and Dielectric Phenomena, (2012) 
[41]. Copyright John Wiley and Sons, Inc). 
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In a linear system, the response signal (it) is shifted in phase (), and has a different 
amplitude from i0 
it = i0 sin(t+)         (Eq. 2.9) 
The Taylor series expansion for the current is given by 





d 1 dΔ = Δ + Δ +......
d 2 dE i




   
      (Eq. 2.10) 
If the magnitude of the perturbing signal E is small, then the response can be 
considered linear in the first approximation. The higher order terms in the Taylor series can be 
assumed to be negligible. The impedance of the system can then be calculated using Ohm’s 
law as 





          (Eq. 2.11) 
This ratio, the impedance (Z()) of the system, is a complex quantity with a magnitude and a 
phase shift, which depend on the frequency of the signal. Therefore, by varying the frequency 
of the applied signal the impedance of the system can be obtained as a function of frequency. 
Electrochemical measurements generally use a frequency range of 100 kHz–0.1 Hz. Like any 
complex quantity, Z() can be represented in Cartesian as well as polar coordinates. In polar 
coordinates, the impedance of the data is represented by 
Z()=|Z()|e         (Eq. 2.12) 
where |Z()| is the magnitude of the impedance and  is the phase shift. In Cartesian 
coordinates the impedance is given as, 
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     = -Z ω Z' ω j.Z" ω         (Eq. 2.13) 
where Z'() is the real part of the impedance, Z"() is the imaginary part, and j = -1.  
2.9.3. Data presentation 
The plot of the real part of impedance on the x-axis against the imaginary part on the 
y-axis is a Nyquist plot. The y-axis is negative, and each point on the plot is the impedance at 
one frequency. As shown in Figure 2.3, low-frequency data are on the right side of the plot, 
and higher frequencies are on the left. The impedance can be represented as a vector of length 
|Z|. The angle between this vector and the x-axis, known as the phase angle, is f (= arg Z) [40, 
42].  
The shape of the Nyquist plot gives important qualitative information about the data 
from the electrical circuit. The plot often contains one or more portions of a semicircle that 
are each characteristic of a single time constant. A "time constant" is defined as the time 
required for the voltage to fall to V0/e , where V0 is the capacitor voltage at time = 0. Time 
constant is given by[35-40]  
τ = RC           (Eq. 2.14) 
Which RC is the simplest circuit that contain a capacitor and a resistor in series.  




Figure 2.3. A typical Nyquist plot. (Reprinted with permission from V.F. Lvovich, Fundamentals of 
Electrochemical Impedance Spectroscopy, in: V.F. Lvovich, Impedance Spectroscopy: 
Applications to Electrochemical and Dielectric Phenomena, (2012) [41]. Copyright John Wiley 
and Sons, Inc). 
 
Despite their advantages, Nyquist plots lose the frequency dimension of the data, 
which is their main drawback. This problem can be overcome by labeling the frequencies on 
the curve. In this way, the absolute value of impedance and the phase shifts can be plotted 
with respect to frequency in two different plots, resulting in a Bode plot. An example is 
shown in Figure 2.4. This is a more complete way to present the data [35-40].  





Figure 2.4. A typical Bode plot with one time constant (Reprinted with permission from R. Z. Zand, 
K. Verbeken and A. Adriaens, Progress in Organic Coatings, 75 (2012) 463 [41]. Copyright 
Elsevier) . 
2.9.4. Electrical circuit elements 
EIS data are commonly interpreted by fitting to an equivalent electrical circuit model. 
These models commonly consist of either passive elements, such as resistors, capacitors, and 
inductors, or distributed elements, such as a constant phase element or Warburg impedance, 
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elements is attributable to a physical meaning. For example, most models contain a resistor 
that represents the cell’s solution resistance [35-40]. 
 
Resistance (R) 
The circuit element resistance (R) has an impedance of [43]: 
ZR = R           (Eq. 2.15) 
The impedance of a resistor is independent of frequency and has no imaginary 
component. With only a real impedance, the current through a resistor is always in phase with 
the voltage. 
Ohmic resistance and polarization resistance (explained in section 2.6.2.) are the two 
most common examples of the use of resistance to describe electrochemical phenomena. 
Ohmic resistance (RΩ) 
The potential drop between the reference electrode and the working electrode is the 
ohmic resistance, which is a function of the cell geometry and the conductivity of the 
electrolyte. For a planar electrode with uniform current density across its surface, the ohmic 





          (Eq. 2.16) 
where X is the distance of the reference electrode from the working electrode,  is the solution 
conductivity, and A is the working electrode area. 
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          (Eq. 2.17) 
where R is the radius of the disc. 
For more complex geometries, the ohmic resistance is determined experimentally and 
can be estimated by impedance spectroscopy. In a Nyquist plot, the intersection of the 
impedance data with the real part of the axis at the high-frequency end gives the ohmic 
resistance. 
Capacitance (C) 




          (Eq. 2.18) 
A capacitor’s impedance is a function of frequency and decreases as the frequency is 
raised. Capacitors also have only an imaginary impedance component. The current through a 
capacitor is phase shifted 90° with respect to the voltage. Double-layer capacitance and 
coating capacitance are examples of the use of capacitance to describe electrochemical 
phenomena. 
Double-layer capacitance (Cdl) 
Double-layer capacitance is the storing of electrical energy through the electrical 
double layer effect, which occurs at the interface between an electrode and an electrolyte. At 
this interface two layers of ions from the solution will form with opposing polarity if a voltage 
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is applied. The two layers are separated by a single layer of solvent molecules that adheres to 
the surface of the electrode and acts like the dielectric of a conventional capacitor. The value 
of the double-layer capacitance depends on many parameters including electrode potential, 
temperature, ionic concentrations, types of ions, oxide layers, electrode roughness, and 
impurity adsorption [43, 44]. 
Coating capacitance (CC) 
The coating capacitance (Cc) of a polymer-coated substrate is given by follow 





εεC           (Eq. 2.19) 
where ε is the dielectric constant of the coating, ε0 is the dielectric constant of vacuum, A is 
the area of the coating, and d is the thickness of the coating.  
Typical dielectric constants of coatings are between 3 and 4; that of water is around 
80. The penetration of water into a coating increases its capacitance. Therefore, coating 
capacitance can be used to measure the water uptake of a coating. 
Constant phase element (CPE) 
In EIS measurements, the capacitors for heterogeneous surfaces do not behave ideally, 







         (Eq. 2.20) 
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where Y0 is the admittance of an ideal capacitance, and n is an empirical constant between 0 
and 1. If n is 1, the CPE behaves as a pure capacitor; if it is 0, the CPE behaves as a pure 
resistor. For n = 0.5, the CPE is the equivalent of a so-called Warburg element.  
 
Warburg impedance (W) 
The Warburg impedance was developed to model the diffusion of ionic species at an 
interface. Different assumptions can be used to describe the diffusion impedance. Under the 





          (Eq. 2.21) 
where Y0 is the diffusion admittance. A Warburg impedance has identical real and imaginary 
parts, which result in a phase angle of 45°. 
Inductance (L) 
The impedance of an inductance (L) is given by [43, 44]: 
ZL = jL          (Eq. 2.22) 
The impedance of an inductor increases as frequency increases. Inductors have only an 
imaginary impedance component. As a result, the current through an inductor is phase-shifted 
–90° with respect to the voltage. 
In this work, EIS was carried out to monitor the anticorrosion performance of silane-
treated steel substrates in a 3.5% NaCl solution. The measurements were made using an 
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Autolab PG-STAT20 potentiostat equipped with a frequency response analyzer module. A 
three-electrode configuration cell was used with a Ag/AgCl KClsat reference electrode and a 
platinum mesh counter electrode. Measurements were made at the open-circuit potential at 
room temperature. The data were obtained as a function of frequency in the frequency range 
105 to 10–2 Hz using a sine wave with peak-to-peak amplitude of 10 mV. Samples were 
transferred to a fresh solution 30 min before the experiments. Impedance fitting was 
performed using the appropriate equivalent circuits in Z-view software (Scribner Associates 
Inc.) and the results presented as graphical figures together with fitting error. For each coating 
type, triplicate electrodes were prepared. In this work, to investigation the effect of each 
parameter, three series of different coatings type (for example, A, B C and D) used for EIS 
measurements. In all series of measurements, the same result was achieved (for example, 
sample B was the best one in all three measurements) but there was a bit difference in EIS 
measurements results of different electrodes of each coating type.  
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Investigation of the corrosion protection performance of silane hybrid 
coatings on a 316L stainless steel substrate 1 
 
3.1. Introduction 
316L is a low carbon-chromium-nickel-molybdenum austenitic stainless steel with a 
good strength which combines properties such as acceptable biocompatibility and excellent 
mechanical resistance with easy fabrication at low cost, that permits its use in many industrial 
applications, consumer products and temporary orthopedic devices [1, 2]. In general 316L 
stainless steel presents good anticorrosion properties, however its corrosion resistance is 
weakened when it is subjected to a medium containing chloride or moisture environment [3, 
                                                             
1 Reprinted from Progress in Organic Coatings, Volume 72 / Issue 4, Roohangiz Zandi Zand, Kim Verbeken and 
Annemie Adriaens, The corrosion resistance of 316L stainless steel coated with a silane hybrid nanocomposite 
coating, 709-715, Copyright (2011), with permission from Elsevier. 
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4], with a tendency to suffer localized corrosion (e.g. pitting corrosion). The corrosion may 
result in the loss of aesthetic appearance and structural integrity [5] and can be accompanied 
by the release of potentially toxic ions, which can be reduced by protective coatings [6-8]. 
Furthermore, the corrosion of stainless steel welds and joints occurs in the trans passive 
potential region in highly oxidizing environments of many industrial processes, especially in 
sulfuric acid media releasing Cr(VI) ions [9]. To resolve all these problems, the application of 
silane hybrid coatings has been increasingly investigated in the last years [7, 10-12]. 
Silane films not only ensure the adhesion between metal substrates and organic 
coatings but they also provide a thin, but efficient, barrier against oxygen diffusion to the 
metal interface [13, 14]. Recently, silane coatings have attracted the attention of the 
nanotechnology industry because they provide a highly uniform, robust and reliable coating 
with lateral resolution on the nanometer scale [15]. A general silane structure is 
(XO)3Si(CH2)nY, where XO is a hydrolysable alkoxy group, which can be methoxy (OCH3), 
ethoxy (OC2H5) or acetoxy (OCOCH3). Y is an organofunctional group such as epoxy, vinyl 
(C=C) or amino (NH2) which is responsible for a good adhesion of a silane treated metal 
surface [16, 17]. 
3-Glycidoxypropyl-trimethoxysilane (GPTMS) is one of the organofunctional silane 
molecules that have been used as an effective coupling agent or adhesion promoter in 
glass/mineral reinforced polymeric composites for decades [16, 18-20]. Also it has been used 
in transparent abrasion-resistant hybrid coatings for polymers [21-24], metals [25-27] and for 
gas separation membranes [28, 29].  
GPTMS can undergo a variety of reactions during the preparation of a hybrid by a sol–
gel route. Hydrolysis of the methoxy groups gives silanol groups, which can subsequently 
condense to form the silane network. The silicon atom in GPTMS is tri-functional in terms of 
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the reactive methoxy groups and is therefore able to form a three-dimensional branched 
siloxane silane network with a nominal stoichiometry SiO1.5. The epoxy rings can be opened 
and polymerized to form a linear poly(ethylene oxide) organic network [29, 30]. 
Cross-links between the two networks arise either from the preexisting link in the 
GPTMS molecule, by direct reaction of silanols with epoxy rings, or by condensation of 
silanols with hydroxyl of the opened epoxy rings. The uncatalyzed ring opening reaction 
occurs at a useful rate only at elevated temperature and so thermal curing is required [29, 30]. 
The use of the sol–gel process to prepare highly intermingled inorganic–organic 
hybrid polymer networks is of current scientific interest since it offers the possibility of 
tailoring the material properties by variation of the relative composition of the inorganic and 
organic phases. With such systems, the inorganic and organic networks are formed together 
(often simultaneously) to achieve homogeneous phase morphologies, which are impossible to 
produce by the other routes [29]. 
The present work aims at evaluating the structure and corrosion protection 
performance of silane sol–gel hybrid coatings deposited on austenitic 316L stainless steel. 
Sol–gel coatings were prepared from hydrolysis and condensation of 3-glycidoxypropyl-
trimethoxysilane (GPTMS) as the precursor and bisphenol A (BPA) as the cross-linking agent 
in acid catalyzed condition. The effect of the drying method as an effective parameter on the 
microscopic features and morphology of the silane hybrid coating was examined. 
3.2. Sample preparation 
The silane solution was prepared by adding 4.084 mL of 3–glycidoxypropyl-
trimethoxy silane (GPTMS, Merck) to 0.5 mL aqueous HCl (pH = 2), and stirred in a sealed 
beaker at room temperature for 20 min at 240 RPM to hydrolyze and condense the silane 
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precursors. In the next step, 2.111 g of bisphenol A (BPA, Merck) was added to the solution 
as a cross-linking agent. The BPA was dissolved by mixing the solution for 80 minutes. To 
accelerate the condensation reaction, 0.0152 mL of 1–methylimidazol (MI, Merck) was added 
to the solution and stirred for 5 min. A clear, colourless, homogenous solution resulted [31, 
32].  
The substrate material used for the present investigation was 316L stainless steel alloy, 
purchased from Watrin-sprl CO. Its chemical composition, analysed by spectroanalysis 
method, is given in table 3.1. Plates (7 cm ×15 cm ×0.1 cm) were used for the salt spray tests, 
while coupons (1.13 cm2 area and 0.1 cm thickness) were used for all other experiments. The 
substrates were initially degreased with detergent and then polished with 600 and 1200 grit 
sand papers. The polished samples were rinsed with distilled water and degreased with 1 M 
NaOH solution at 50C. Consequently the substrates were neutralized with 0.01 M HCl 
solution to remove excess of NaOH solution. As a last step, the substrates were cleaned with 
acetone to remove all dirt and grease and were then air-dried. 
 
Table 3.1. Chemical composition of 304L stainless steel (in mass%). 
C Si Mn P S Al Cr Mo Ni Cu Fe 
0.024 0.46 1.22 0.038 0.0048 0.020 16.45 1.95 9.69 0.35 Balance 
 
The cleaned substrates were dipped into the silane solution for a duration of 5–10 s. In 
order to study the effect of drying method on the microscopic features and morphology of the 
hybrid coatings, a series of the silanetreated substrates was dried at the ambient temperature 
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for 2 weeks, denoted as air dried silica hybrid coating (A-SHC), while another series was 
dried at ambient temperature for 24 h and placed in a furnace to cure at temperatures ranging 
from 25–130°C curing process with a heating rate of 7.5 °C/min for 90 minutes to extensively 
crosslink the silane films. This series of the coatings is denoted as thermal cured silica hybrid 
coating (T-SHC). 
3.3. Results and discussion 
3.3.1. Characterization 
Figure 3.1 shows the FTIR spectra of two series of hybrid films (A-SHC and T-SHC). 
The most resolved bands are attributed to the vibration frequencies of the 
glycidoxypropylsiloxane structural fragment. They include the oxiranes methylene bending at 
1480 cm−1, the epoxide ring breathing band at 1250 cm−1 and the antisymmetric epoxide ring 
deformation bands at 758 and 902 cm−1 [33]. The band of the antisymmetric epoxide ring 
deformation at 758 and 902 cm−1 in the magnified region from 729 to 950 cm−1 in panel A, 
appears to be intense. It allows the monitoring of the chemical reaction of the epoxy 
functional groups of organosilica-networks coupled with diol crosslinker groups. FTIR 
spectra of the cured film show the disappearance of this band, which indicates the formation 
of a cross-linked network under curing. Also the bands centered at 1100 cm−1 due to Si–O–Si 
[34] in the magnified region from 950 to 1200 cm−1 in panel B, are intensive as compared to 
that without curing. All these changes indicate the formation of a denser siloxane network 
upon thermal curing.  
SEM was used to investigate the effect of the drying method on the morphology of the 
silica hybrid coatings. Figure 3.2 shows typical SEM micrographs of the T-SHC and A-SHC 
coatings. Cracking during drying is a rare event but could occur when the gel has had 
insufficient aging and strength. After drying, the coatings were densified by heat treatment. 
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During this step the residual stress grows until the point of generating some microcracks into 
the coating. Residual stress at the interface comes from the differential thermal expansion of 
both substrate and film coating.  
 
 
Figure 3.1. FTIR spectra of silane films prepared under two drying condition: air exposed dried film 
(A-SHC) and thermal cured film (T-SHC); (A) magnified region from 729 to 950 cm-1 and (B) 

















































Figure 3.2. Secondary electron images of the coated 316L stainless steel samples prior to polarization 
test: (a) T-SHC and (b) A-SHC coated SS316L. 
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However, as soon as the corrosive medium penetrates through the layer and reaches 
the substrate, an electrochemical reaction takes place, causing an increase of current density 
[35]. Fortunately, the evaluated coatings did not show such behavior and the surface 
appearance obtained by SEM characterization did not present any cracks in each of the 
samples. It seems that both of the coatings are uniform, defect and crack free. However, 
sample coated with T-SHC coating shows the presence of micro-pore which marked with 
white arrow in figure 3.2 a. 
3.3.2. Corrosion protection performance of the hybrid coating 
The corrosion protection performance of the hybrid coatings was studied by linear 
sweep voltammetry (LSV). Figure 3.3 presents the potentiodynamic polarization curves of the 
bare and A-SHC and T-SHC coated 316L stainless steel substrates recorded after 3 h of 
immersion in a neutral 3.5% NaCl solution. Table 3.2 summarizes the electrochemical 
parameters obtained from these measurements.  
 
Figure 3.3. Potentiodynamic polarization curves of the A-SHC and T-SHC coated and bare 316L 
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In comparison to the bare sample, the T-SHC coated sample shows a decrease in the 
corrosion current density, Icorr, around 10−8 A cm−2. In addition its potential is shifted to a 
higher value (−0.424 V). This coated sample shows an anodic behavior with limited current 
density in the range of +0.55 V over its Ecorr, before the potential exceeds the breakdown 
potential. This behavior was improved by the protective barrier characteristic of the coating, 
as reported before [30]. However, the A-SHC coated sample into this solution did not 
significantly improve the corrosion resistance, but it showed some characteristics in the 
anodic current zone. In this way, the A-SHC coated sample presents a range of anodic 
potential at +0.4 V over the Ecorr, before the point of the breakdown potential was reached. As 
a comparative result, the uncoated sample presented a continuous potential range 
characterized by a control mechanism of equilibrium in the oxidation and reduction reactions. 
Also a wide passive plateau in the potential characteristic of stainless steel was observed.  
 
Table 1. Summary of the electrochemical parameters (corrosion potential, corrosion current, cathodic 
and anodic slopes) obtained from the polarization measurements in a 3.5 % NaCl solution.  
Sample Ecorr (V) Icorr (A.cm-2) Bc (V/dec) Ba (V/dec) 
Bare SS316L -0.564 1.35×10-6 0.204 0.142 
A-SHC -0.423 2.84×10-7 0.152 0.111 
T-SHC -0.424 7.63×10-8 0.175 0.091 
 
Figure 3.4 shows the scanning electron micrographs for the bare and coated 316L 
stainless steel samples after potentiodynamic polarization in a neutral 3.5% NaCl solution. 
After the anodic polarization, a localized corrosion is observed for all samples, consisting of 
small cracks (Figures 3.4a and c) and pits (Figures 3.4e) of different sizes. A closer inspection 
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shows that the region surrounding some of the cracks and pits is damaged (see figures 3.4b, d 
and f). This may indicate a preferential localized attack, occurring after the electric potential 
exceeded the breakdown potential. This localized attack has resulted in debonding, 
delaminating and lifting of the coating from the substrate, possibly due to the hydrolysis 
reactions at the interface. Additionally, the diffusion of the oxidant ions speeds up and the 
corrosion rate increases causing an accumulation of the corrosion products at the interface, 
promoting the formation of bulges and even leading to micro-cracks as can be seen in figure 
3.4a and d. As the quantity of corrosion products increases, the protective coating is lost by 
the fact that the film peels off. Fractures of the coatings derived by the increasing of sweep 
over-potential initially grow from small cracking points or pitting in the coating. On the other 
hand, increasing towards higher potential promotes the cracking and peeling of the coating 
[35]. However, the coated samples show a higher corrosion resistance described by the Ecorr 
and icorr values (Table 3.2), as reported before. 
The traditional salt spray coating corrosion resistance evaluation technique was used 
to investigate the corrosion performance of the sol–gel films. Pictures of the T-SHC and A-
SHC coated 316L stainless steel plates after 600 h of salt spray exposure are shown in figure 
3.5; along with bare plates as control (taped areas were cropped from the picture). It can be 
clearly seen that silane-treated surfaces do not exhibit any sign of corrosion and still retain 
their originally shiny surfaces. The bare panel, in contrast, exhibits early signs of corrosion. 
Therefore, these data confirm the good corrosion protection for a long term, of the silane sol–
gel coatings.  
 





Figure 3.4. Secondary electron images of the bare and coated 316L stainless steel samples after 
potentiodynamic polarization test in neutral 3.5% NaCl solution with different magnifications: 
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Figure 3.5. Photograph of A-SHC (a) and T-SHC (b) coated and bare (c) 316L stainless steel samples 
after 600 hours of exposure in the salt spray chamber. 
 
Figure 3.6 shows the optical microscopic images for the bare and T-SHC coated 316L 
stainless steel samples after immersion test in a neutral 3.5% NaCl solution. After 360h 
(15days) of immersion, a localized corrosion is observed for the bare samples, consisting of 
small pits (Figure 3.6a) of different sizes. For the T-SHC coated sample, after 5h immersion, 
coatings appear crack-free and transparent in such a way that the polishing marks on the 
underlying metal substrates are visible through the coatings (Figure 3.6b). After 360h 
immersion, the surface of the coating is found to contain a few heterogeneities (Figure 3.6c). 
These heterogeneities are probably due to the precipitation of insoluble corrosion products or 
defects in the coating, which marked with black arrows in figure 3.6 c.  
 
(a) (b) (c) 
Corrosion 
spots 






Figure 3.6. Optical microscopic images of the bare and T-SHC coated 316L stainless steel samples 
after immersion in neutral 3.5% NaCl solution: (a) bare sample after 360h (15days) immersion 
and (b) and (c) coated sample after 5 and 360h immersion. 
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Figure 3.7 presents the impedance spectra obtained for the bare and thermal cured 
hybrid coated 316L substrates (T-SHC) during immersion in a 3.5% NaCl solution for a 
period of 43 days. For the bare sample, the EIS spectrum obtained after 360 h (15days) of 
immersion is characterized by two overlapping time constants at a frequency around 10 rad 
s−1 and another one at lower frequencies (around 1 rad s−1). The time constant at higher 
frequencies can be assigned to the presence of an oxide/hydroxide film existing on the bare 
316L substrate, whereas the time constant at lower frequencies can be assigned to corrosion 
activity. The total impedance of the bare substrate after 360 h of immersion is lower than 105 
Ω.cm2. At this stage, the bare surface shows a significant quantity of corrosion products (as 
shown in figure 3.6 a).  
For the coated substrate, during 5 to 888 h (37 days) of immersion the spectra are also 
characterized by the presence of two time constants. The high frequency time constant 
appears at 104 rad s−1 and the low frequency time constant develops around 10−1 rad s−1. After 
1032 h (43 days) of immersion the spectra are characterized by the presence of three time 
constants. The first time constant appears at 104 rad s−1, the second one appears at 3.16 rad s−1 
and the last one develops around 0.05 rad s−1.  
The results show a significant shift in the high frequency impedance during 5 to 360 h 
(15days) of immersion which is most probably associated with water uptake through the 
pores/defects present in the films (as shown in figure 3.2a). The access of aggressive species 
induces localised corrosion activity. This is followed by precipitation of insoluble corrosion 
products (as shown in figure 3.6c), which block the pores/defects at the coating/substrate 
interface leading to increasing the high frequency impedance during 360  1032h immersion. 





Figure 3.7. EIS Bode plots obtained for bare and T-SHC coated 316L stainless steel substrates after 
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The results also show that the hybrid coating increases the low frequency impedance 
of the system by about two orders of magnitude, in comparison to the bare sample. Moreover, 
for the coated sample, the total impedance values starts to decrease slightly as a function of 
immersion time and reaches a value of 6.727 Ω.cm2 at the end of 37 days of immersion. The 
first signs of corrosion activity were detected between 37th and 43th days of immersion. 
Nevertheless, the impedance values are more than 1.5 order of magnitude higher than those 
for the bare sample. These results indicate the protective nature of silane hybrid coating. 
A more detailed interpretation of the EIS results can be made by numerical fitting of 
the experimental data to the equivalent circuits depicted in figure 3.8. Because the phase angle 
plots revealed two or three time constants at different immersion times, two different 
equivalent circuits were used to fit the data. The equivalent circuit shown in figure 3.8a was 
used to model the EIS results of T-SHC coated samples during 5 to 888 h (37 days) of 
immersion. The equivalent circuit shown in figure 3.8b was used to model the EIS results of 
sample during 1032 h (43 days) of immersion.  
Thus, for the equivalent circuits shown in figure 3.8, Rs is interpreted as the resistance 
of the electrolyte; CPECoat (0.66 < ncoat < 0.96) and RCoat represent the capacitance and 
resistance of the hybrid coatings, respectively; CPEoxide (0.76 < noxide < 0.8) and Roxide 
represent the capacitance and resistance of the metal oxide layer over the metal surface , 
respectively; CPEdl (ndll = 0.79) is the capacitance of the electrochemical double layer at the 
metal/electrolyte interface; and Rpolar is the polarization resistance of the corrosion process. In 
these equivalent circuits, constant phase elements (CPE) were used instead of pure capacitors, 
because of the non-ideal character of the corresponding response. This is due to presence of 
silicon particles which give rise to a certain surface roughness and inhomogeneity’s. The true 
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Figure 3.8. Equivalent circuits used for the numerical fitting of the EIS data during immersion in a 
3.5% NaCl solution. 
 
The variation of the fitted parameters (resistances and capacitances) with immersion 
time using the equivalent circuits of figure 3.8 is shown in figure 3.9. Values are shown with 
the errors from the numerical fitting (10-3 < Chi-squared < 10-2). The change of the T-SHC 
coated sample capacitances during immersion is presented in figure 3.9a. Generally the 
capacitance of dielectric films depends on the amount of absorbed water [37], thus increases 
in capacitance values are associated to water uptake [38]. During 360 h of immersion, CPEcoat 
showed a pronounced decrease and then remains almost constant which reflects the stability 


























































Figure 3.9. Evolution of the fitted parameters (capacitances and resistances) with immersion 
time using the equivalent circuits of figure 3.8 during immersion in a 3.5 % NaCl 
solution. 
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In contrast, The CPE associated with the metal oxide layer (CPEoxide), exhibit 
significantly faster growth during 480h immersion as a result of water uptake through the 
pores/defects present in the films [39]. Since the corrosion activity occurred in localized areas, 
it is likely that the precipitation of the insoluble and passive corrosion products occurred at 
these locations, thereby decreasing the corrosion activity at the coating/substrate interface 
leading to a partial recovery of the coating barrier properties. This precipitation is translated in 
a decrease in oxide capacitance after the increase due to water uptake. 
The evolution of the T-SHC coated sample resistances, is shown in figure 3.9b. The 
coating resistance (Rcoat), shows some fluctuations, with a rapid drop and later recovery after 
360 h and 840 h of immersion suggesting the formation of some pores or the enlargement of 
smaller pores in the sol–gel layer [40]. In contrast, the resistance of metal oxide layer (Roxide), 
shows a maxima at 360h immersion that follow by gradual decreasing during 1032h 
immersion due to water uptake through the pores/defects in the coating and localized 
corrosion activity at the coating/substrate interface.  
3.4. Conclusions 
In this study, the corrosion protective behavior of hybrid coatings based on 3-
glycidoxypropyl-trimethoxysilane (GPTMS) as the precursor and bisphenol A (BPA) as the 
cross-linking agent as an “environmentally friendly” corrosion resistant protection system on 
316L stainless steel substrates were studied. Additionally, the effect of drying method on 
microscopic features and morphology of the hybrid coatings was evaluated. The results of the 
FTIR analysis indicated the formation of a denser siloxane network upon thermal curing. In 
addition the SEM analyses confirm the formation of a transparent and homogenous film 
without any defect and micro crack especially cured at 130C. The results of the 
electrochemical analyses as well as salt spray test highlight the good barrier properties of the 
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silane film. The pretreatment of 316L stainless steel with silane hybrid coating leads to the 
formation of a surface film that performs as a physical barrier on metal substrate. The 
presence of the silane film increases the anodic polarization of the system and its total 
impedance relative to the bare substrate. These results indicate the protective nature of silane 
hybrid coating. 
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Effects of cerium ions and bisphenol A on the microstructure and the 
corrosion protection of silane hybrid coatings on 304L stainless steel 1 
 
4.1. Introduction 
AISI 304 stainless steel as an corrosion resistant alloy is widely used in different 
industrial fields because of its mechanical and corrosion inhibition properties [1] but is, 
nevertheless, susceptible to localized corrosion in the presence of chlorides or other 
aggressive ions [2, 3]. Several strategies are applicable to increase the corrosion resistance of 
steel. A first one is to alloy the material. On the one hand, one can opt to add small amounts 
of for example Cu, P, Si or Cr to form a protective layer [4]. Weathering steels, i.e. structural 
                                                             
1 Reprinted from Progress in Organic Coatings, Volume 75 / Issue 4, Roohangiz Zandi Zand, Kim Verbeken and 
Annemie Adriaens, Corrosion resistance performance of cerium doped silica sol–gel coatings on 304L stainless 
steel, 463-473, Copyright (2012), with permission from Elsevier. 
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high strength alloy steels with improved atmospheric corrosion properties are commonly 
known as COR-TEN steels, which is their original US brand name. On the other hand, a 
significant addition of chromium to the steel makes it resist rust, or stain “less” than other 
types of steel. The chromium in the steel combines with the oxygen in the atmosphere to form 
a thin, invisible layer of chrome containing oxide, called the passive film. As an alloying 
element, molybdenum is more effective in increasing the pitting corrosion resistance as is 
expressed by the so-called PREN value (pitting resistance equivalent number) [5]: 
PREN=% Cr+3.3% Mo+16%N      (Eq 4.1) 
A second strategy to improve the corrosion resistance is the use of coatings. Metallic 
coatings are an option as they create a barrier between the base metal and the corrosive 
environment. Moreover, they might even offer additional resistance by cathodic protection, as 
is for example realized by galvannealing or galvanizing steel sheet. Non-metallic coatings 
with the incorporation of corrosion inhibitors are an alternative option. Different inhibitors are 
possible and chromium (VI) compounds, mainly chromates, are the most common substances 
used and their efficiency/cost ratio has made them standard corrosion inhibitors. However, the 
hexavalent chromium species are responsible for several diseases including DNA damage and 
cancer, which is the main reason for banning chromium (VI) containing anticorrosion 
coatings in Europe since 2007 [6-9]. For this reason, different initiatives have been launched 
to develop “green” alternative coatings.  
The development of hybrid organic–inorganic sol–gel coatings sintered at low 
temperatures represents a good alternative for coatings containing chromates [10]. They offer 
increased toughness and are thicker than conventional chemical conversion coatings [1, 8, 9, 
11]. However, the sol–gel coatings may contain pores, cracks and areas of low cross-link 
densities, through which the corrosion initiators can be diffused to the coating/metal interface. 
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The corrosion process usually begins in such areas. Normally, the sol–gel coatings cannot 
stop the development of the corrosion process when the defects appear, due to the lack of self-
healing properties [8, 11-13]. Lately attempts have been made to enhance the protective effect 
of silanes by combining them with other corrosion protection systems such as silica nano-
particles or corrosion inhibitors [13-18]. 
Lanthanides ions, such as Ce3+, Y3+, La3+, Pr3+, Nd3+, seem to fulfill the basic 
requirements for alternative corrosion inhibitors [19, 20]. These elements form insoluble 
hydroxides and have a low toxicity since their ingestion or inhalation is not considered 
harmful to health. In addition, lanthanides are economically competitive products, as some of 
them in particular cerium are relatively abundant in nature [8, 11, 21]. 
Cerium doped sol–gel coatings have been actively investigated during the last decades 
[1, 6, 13, 21-23]. The first work on cerium conversion layers for aluminum alloys was carried 
out by Hinton et al. [24]. Cerium was later tested for the corrosion protection of aluminum 
and steel based alloys [25, 26] as well as galvanized steel in aqueous sodium chloride solution 
[27, 28]. It is claimed that, similarly to the pure sol–gel coatings, the cerium doped ones also 
can form a dense barrier, which hinders the penetration of electrolyte toward the metallic 
substrates. The important difference between them is that cerium doped sol–gel coatings can 
supply self-healing abilities, which can automatically repair the corroded areas, thereby 
providing a long-term corrosion protection [1, 6, 22]. The modification of hybrid sol–gel 
coatings by adding cerium was successfully tested for improvement of corrosion protection of 
aluminum [29, 30], zinc [31, 32] and mild steel substrates [33]. 
The present work focuses on a detailed study of organic–inorganic hybrid coatings 
obtained by dip coating 304L stainless steel specimens in an organically modified silica sol 
made from the hydrolysis and condensation of 3-glycidoxypropyltrimethoxysilane (GPTMS) 
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as the precursor in acid catalyzed condition. Coatings prepared from epoxy silanes and 
propyltrimethoxy silane using HCl as a catalyst, show a good corrosion protection but are at 
the same time very brittle and form cracks by bending. For this reason, Kasemann et.al [34] 
introduced an organic chain to connect the epoxy group. Diols were chosen for this purpose. 
The epoxy functions can react to polyethylenoxide chains or can be connected by 
polyaddition reaction with the aromatic diol (bisphenol A) in the presence of a basic catalyst 
(1-methylimidazole) (see figure 4.1). In this work, the influence of the addition of cerium ions 
and bisphenol A (BPA) as a cross-linking agent on the microscopic features, morphology as 
well as the corrosion resistance of the coatings is examined.  
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Figure 4.1. Simplified schematic of bonding mechanism between Bisphenol A and the epoxy function 
of GPTMS [34]. 
 
 Chapter 4  
92 
 
4.2. Sample preparation 
The reference sol was prepared by adding stoichiometric amounts of the silane 
precursor, GPTMS, and the organic crosslinking agent, BPA, into HCl-acidified water (pH 2). 
The H2O/Si mole ratio was 0.5 and was chosen according to a previous study [35]. The 
solution was stirred at room temperature for 80 min at a rate of 240 rpm. Then 1-
methylimidazol, MI, was added to accelerate the condensation reaction after hydrolysis. The 
MI/Si mole ratio was 0.01. The solution was again stirred for 10 min at room temperature. 
The result was a clear and colorless homogenous solution. This sol will be called “silica 
hybrid coating” (A). In the case of cerium doped coating, cerium nitrate hexahydrate was 
added to the mixture of GPTMS and acid prior to the addition of BPA and 1-methylimidazol. 
The Ce/Si mole ratio was 0.2. The solution was stirred at room temperature for 10 min at a 
rate of 240 rpm. Then BPA was added to the mixture and dissolved by mixing the solution for 
80 min. 1-methylimidazol was added to the solution and the sol was again stirred for 10 min. 
The result was a brown homogenous solution. This type of coating is referred to as “cerium 
doped silica hybrid coating” (B). In order to study the effect of BPA on the microscopic 
features, morphology and corrosion performance of the cerium doped silica hybrid coating, 
another (B) coating was prepared with the identical chemical composition and procedure, 
excluding BPA (BPA = 0). The result was a colorless homogenous solution. This coating is 
referred to as “non BPA cerium doped silica hybrid coating” (C). 
The substrate material used for the present investigation is a 304L stainless steel alloy. 
Its chemical composition, analysed by spectroanalysis method, is given in table 4.1. Sheets 
(7 cm × 15 cm × 0.1 cm) were used for the salt spray tests, while coupons (1.13 cm2 area and 
0.1 cm thickness) were used for all other experiments. The substrates were successively 
abraded with 600 and 1200 grits emery paper and degreased with acetone in an ultrasonic bath 
for 10 min. Chemical etching was performed by dipping the samples into the 1 molar NaOH 
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solution for 5 min at 50 ◦C. After rinsing in tap water and then in deionized water, the 304L 
samples were air-dried. The cleaned substrates were dipped for 1 min in different silane 
solutions. The coated samples were dried at room temperature for 24 h, which was followed 
by 25–130°C curing process with a heating rate of 7.5 °C/min for 90 minutes to initiate 
extensive cross-linking in the hybrid films [10]. The coating thickness was measured by eddy-
current method (Check line 3000 pro, Germany). 
 
Table 4.1. Chemical composition of 304L stainless steel (in mass%). 
C Si Mn P S Al Cr Mo Ni Cu Fe 
0.017 0.41 1.75 0.032 0.0050 0.0049 17.65 0.25 8.59 0.45 Balance 
 
4.3. Results and discussion 
Magnified FTIR spectra of the silane hybrid coating (SHC, sample A) and the cerium-
doped silane hybrid coating (Ce-SHC, sample B) in the regions 500 to 1300 cm−1 (Figure 
4.2a) and 2800 to 4000 cm−1 (Figure 4.2b) show main features that include bands 
corresponding to Si–O–Si sequences, OH groups, and –CH2 groups. 
 The strong peaks between 1000 and 1200 cm−1 are associated with the Si–O–Si/C–O–C 
asymmetric bond stretching vibration [13], which is the structural backbone of the hybrid 
material [13]. The high-frequency band near 1020 cm−1 is assignable to the antisymmetric 
stretching of oxygen atoms. The bands at intermediate frequencies around 750–800 cm−1 
are attributable to the symmetric stretching of the oxygen atoms. 
 The –CH2 group incorporated into the silica group is indicated by the two weak absorption 
peaks at about 2930 cm−1 and 2950 cm−1, which can be assigned to symmetric and 
 Chapter 4  
94 
 
asymmetric stretching of the –CH2 bonds present on the silicon moiety [36]. The presence 
of this hydrocarbon unit reveals a certain degree of planarization of the coating 
macromolecular chains. The intensities of the 1087 cm−1 band and the 780 and 2950 cm−1 
shoulders increase in the Ce-doped sample (B), demonstrating that the incorporation of 
cerium nitrate leads to improved condensation. 
 The broad band centered near 3400 cm−1 is assigned to residual Si–OH stretching 
vibrations and hydrogen-bonded water [14], which possibly formed during the hydrolysis 
of the alkoxy groups of GPTMS. 
The effects of bisphenol A, an aromatic diol, on the cross-linking of organo-silica networks 
via the chemical coupling of the aromatic diol and epoxy-functionalities were also studied by 
FTIR spectroscopy. Cerium-doped silica hybrid coatings with and without BPA (Ce-SHC, 
BPA=0) (B and C) were analyzed. The magnified spectral regions of interest are 500 to 1300 
cm−1 (Figure 4.3a) and 2800 to 4000 cm−1 (Figure 4.3b). The bands due to asymmetric 
epoxide ring deformation at 758 and 902 cm−1 in sample C, are of similar intensity, which 
allows monitoring of the coupling reaction between the epoxy functionalities of the organo-
silica networks and the diol cross-linkers. These bands almost disappear in the FTIR spectra 
of sample B, indicating the chemical bonding of organo-silica networks in a cross-linked 
network [15]. The bands due to Si–O–Si in sample C (centered at 1100 cm−1) become more 
intense and broader relative to those in sample B. This is attributable to the direct connection 
of epoxy silanes and propyl trimethoxy silane in sample C, which resulted in the formation of 
a very brittle film. 





Figure 4.2. FTIR spectra of 304L SS substrates pre-treated with silane hybrid (A) and cerium nitrate-
doped silane hybrid (B) coatings: (a) magnified region from 500 to 1300 cm−1 and (b) 
magnified region from 2800 to 4000 cm−1. 
 
A standard corrosion resistance evaluation using salt spray was used to assess the three 
sol–gel film coatings. Photographs after 2000 hours of salt spray exposure (figure 4.4) 
illustrate that the silane hybrid coating (A) (average thickness 19 ± 7 µm) and the cerium-
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blistering, delamination, or corrosion. The samples retained their original shiny surfaces. 
However, the Ce-doped silica hybrid coating without BPA (C) (average thickness 57 ± 4 µm) 
showed limited resistance to the salt spray; it exhibited blistering and delamination after 
exposure for 148 hours. The first signs of corrosion appeared after exposure for 1600 hours. 
 
 
Figure 4.3. FTIR spectra of the 304L stainless steel substrate coated with Ce-doped silica hybrid 
coating (sample B) and non BPA Ce-doped silica hybrid coating (sample C): (a) magnified 
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(a) (b) (c) 
   
Figure 4.4. Photographs of (a) silica hybrid coated, (b) Ce-doped silica hybrid coated and (c) non 
BPA Ce-doped silica hybrid coated stainless steel samples after 2000 h of exposure in the salt 
spray chamber. 
 
Potentiodynamic polarization measurements were carried out to estimate the effects of 
cerium and BPA on the corrosion resistance of the silane hybrid coatings. Potentiodynamic 
polarization curves (figure 4.5) were recorded after the bare and pre-treated 304L SS 
substrates with the three coatings (A–C) were immersed for 3 hours in a neutral 3.5 % NaCl 
solution. Table 4.2 lists the electrochemical parameters derived from these curves. 
The limiting current density for oxygen reduction and the anodic current density for all 
the coated specimens were lower than those for the uncoated 304L SS. This suggests that the 
corrosion protection was due to both the blockage of the surface with the reduction of oxygen 
and metal dissolution in the pores of the coating layers. Sample (A) showed a decreased 
corrosion current density, icorr, of around 2.30×10−8 A cm−2. Its corrosion potential (−0.414 V) 
20 mm 
 Chapter 4  
98 
 
is more positive than that of the bare sample. Nevertheless, Figure 4.5 shows a very limited 
passive region of approximately −0.269 V to −0.030 V over its corrosion potential. 
 
Table 4.2. Electrochemical parameters obtained from the polarization measured in a 3.5 % NaCl 
solution. 
Sample Ecorr (V) icorr (A cm-2) bc (V/dec) ba (V/dec) Passive area (V) 
Bare 304L SS -0.690 3.97×10-6 0.331 0.243 -0.326 to -0.086 
A: SHC -0.414 2.30×10-8 0.264 0.103 -0.269 to -0.030 
B: Ce-SHC -0.389 4.48×10-8 0.297 0.100 -0.233 to 0.308 
C: Ce-SHC(BPA=0) -0.427 5.10×10-7 0.315 0.101 -0.312 to  0.181 
 
 
The addition of cerium ions in coating B led to further reductions of corrosion current 
density and corrosion potential. A distinct passive region emerges that extends over a several 
hundred mV range of 0.233 V to +0.308 V over the Ecorr. 
The poor performance of the coating C that lacked BPA may have been due to the 
permeability of the coating, which occurred due to cracks or porosity. This permeability 
allowed the aggressive electrolyte to reach the metal surface and initiate corrosion, indicating 
that the omission of a cross-linker can significantly affect the corrosion resistance of cerium-
doped silane hybrid coatings. 
SEM images of the bare and coated 304L SS samples recorded after potentiodynamic 
polarization testing in a neutral 3.5 % NaCl solution (Figure 4.6) each show localized 
corrosion. Exfoliation of the corrosion products, cracks (Figure 4.6a–c), and pits (Figure 4.6d) 
of different sizes are visible. The damage around some of the cracks and pits (Figure 4.6a–d) 
indicates preferential localized attack, which occurred after the applied potential exceeded the 
breakdown potential.  




Figure 4.5. Potentiodynamic polarization curves of the (A)–(C) coated and bare 304L stainless steel in 
a 3.5% NaCl solution. 
 
This localized attack promoted the hybrid film to deteriorate and delaminate, possibly 
due to hydrolysis reactions at the interface. The diffusion of oxidant ions and the corrosion 
rate both increased, causing an accumulation of corrosion products at the interface, which 
promoted the formation of the defects and micro-cracks that are shown in Figure 5a–c. 
Samples A and B showed improved corrosion resistance, as suggested by the Ecorr and icorr 

































Figure 4.6. Scanning electron micrographs of the bare and coated 304L stainless steel samples after 
potentiodynamic polarization in a neutral 3.5% NaCl solution with different magnifications: (a 
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Impedance spectra were recorded for the bare and coated 304L SS substrates after 
immersion for 3 hours in a 3.5 % NaCl solution (Figure 4.7). The uncoated sample showed an 
EIS spectrum characterized by two time constants. The time constant at higher frequencies 
develops around 47.86 rad s−1 was assigned to the presence of an oxide/hydroxide film on the 
substrate, and that at lower frequencies develops around 0.059 rad s−1 was due to corrosion 
activity. The total impedance of the substrate was below 5.86×105 Ω cm2. Significant amounts 
of corrosion products were observed. 
Samples A and B also showed two time constants: one at higher frequencies (around 
104 rad s−1), attributed to the presence of the silane layer, and a lower frequency constant 
(0.034 rad s−1) due to the metal oxide layer over the metal surface. The Bode phase angle plot 
for sample C shows a different time constant at middling frequencies (around 26.85 rad s−1) 
that can be attributed to cracking and corrosion activity at the surface of the substrate. This 
likely resulted from the absence of the cross-linker (BPA) causing brittleness in the film, 
which led to micro cracks and delamination of the film. 
Both the silane hybrid coating (A) and the cerium-doped silane hybrid coating (B) 
showed low-frequency system impedances that were about one order of magnitude greater 
than those shown by the bare sample and sample C (Figure 4.7b). This was probably due to 
the coating blocking the aggressive electrolyte from reaching the reactive metal surface. The 
lower impedance shown by sample C was due to the creation of defects and cracks in the 
coating, which allowed the diffusion of the aggressive electrolyte to the substrate. 
EIS of samples A and B evaluated their barrier properties and inhibition mechanisms. 
Phase angle plots and bode modulus and for samples A (Figure 4.8) and B (Figure 4.9) were 
recorded at intervals while the samples were immersed in a 3.5 % NaCl solution for 22 days. 





Figure 4.7. EIS Bode plots (a)  vs log freq and (b) log |Z| vs log freq for bare and (A)–(C) coated 
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Impedance measurements of the non-inhibited system (A) display a slight evolution of 
the barrier properties associated with the hybrid coating. This behavior is related to water 
uptake, which occurred during the first days of immersion in the electrolyte. After 22 days, 
the non-inhibited system displayed lower barrier effects. 
 
 
Figure 4.8. EIS Bode plots (a)  vs log freq and (b) log |Z| vs log freq for silica hybrid coated (sample 
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The system containing cerium species (B) offered better protection than the non-
inhibited (A) system and its barrier properties remained constant for longer. The inhibited 
system showed slower electrochemical evolution than the non-inhibited one because the 




Figure 4.9. EIS Bode plots (a)  vs log freq and (b) log |Z| vs log freq for Ce doped silica hybrid 
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The corrosion features of the samples were further explored through analysis of the EIS 
spectra analysis using equivalent electric circuits. To simulate the impedance plots, the constant phase 
element (CPE) was used instead of an “ideal” capacitor to explain the deviations from the −1 slope in 
the Bode modulus plot. 
The impedance response of sample A after immersion for 22 days suggests non-ideal 
dielectric capacitive behavior, which includes the electrolyte resistance (Rs), polarization resistance 
(Rpo) of the corroded areas, and the non-ideal capacitance of the coating (CPEc) (Figure 4.10a). The 
equivalent circuit shown in Figure 4.11a, models sample B after similar immersion. It consists of 
similar elements: Rs, CPEc, and Rpo, related to porosity or defects to the passage of the electrolyte. The 
extra parameters included in the circuits (CPEOx and ROx) represent the presence of a metal oxide layer 
between the metal surface and the electrolyte, which led corrosion products to the pores. CPEOx is 
related to the non-ideal capacitance of the metal oxide layer and ROx is related to the resistance of the 
metal oxide layer. Table 4.3 lists the fitting parameters for the models presented in Figure 4.10a and 
4.11a. The lower polarization resistance shown by the system containing sample A is associated with 
water uptake through the pores and/or defects in the coating. It is likely linked to an increase of 
exposed area. 
The electrochemical parameters derived from the polarization curves, together with 
the EIS results, reveal the persistent protection offered by the cerium-doped silane hybrid 
coatings. Increased immersion would likely lead to the release of cerium from the defects in 
the coatings. The cerium would then produce insoluble hydroxides when it reacts with 
hydroxyl groups from cathodic reactions [16, 37]. These hydroxides, together with the 














Figure 4.10. (a) Equivalent circuit used for modeling and (b) bode plots with respective fittings for 
304L stainless steel substrate protected with the silica hybrid coating (sample A) after 22 days 
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Figure 4.11. (a) Equivalent circuit used for modeling and (b) bode plots with respective fittings for 
304L stainless steel substrate protected with the Ce doped silica hybrid coating (sample B) 
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Table 4.3. Parameters obtained from fitting data for 304L SS with silica hybrid (A) and Ce-doped 
silica hybrid (B) coatings after immersion for 22 days in a 3.5 % NaCl solution. 








(Ω cm2) Goodness 


























* Equivalent capacitance calculated based on Brug et al. equation: Ceff = [QRe(1-α)]1/α , Where Q 
represents the differential capacity of the interface, α is the exponent of the CPE and Re is the Ohmic 
resistance [38].  
 
4.4. Conclusions 
Silica based hybrid organic–inorganic coatings with the incorporation of cerium ions 
were synthesized via a sol–gel method to protect 304L stainless steel substrate against 
corrosion. Three types of samples were produced by means of dip coating technique: a non-
inhibited silica hybrid coating, an inhibited silica coating containing cerium and an inhibited 
silica coating containing cerium but without cross-linking agent (BPA). The latter one was 
used to study the effect of the cross-linking on the morphology and the corrosion protection 
properties of prepared samples. Results of FTIR and SEM analyses confirm the formation of 
crack-free silica hybrid coatings with SiOSi structural backbone and CH2 group 
incorporated into silica network which results in the formation of a transparent and 
homogenous film. Cracks are observed in the linear cross-linked cerium doped silica hybrid 
coating due to lack of cross-linking agent, which causes the formation of very brittle and 
crack full coating with poor corrosion resistance. 
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The corrosion protection performance of the films was evaluated by natural salt spray, 
potentiodynamic polarization and EIS techniques. The results show that the presence of the 
cerium ion has significantly improved the corrosion protection properties of the silica hybrid 
coatings. This effect is due to both increases in the barrier properties as well as the corrosion 
inhibition ability. Thus cerium doped silica hybrid coatings protect the 304L stainless steel 
surface effectively and can be used as a pre-treatment for corrosion protection. 
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Electrochemical assessment of the self-healing properties of silane hybrid 
coatings modified with cerium nitrate and cerium oxide nanoparticles on 
304L stainless steel 1 
 
5.1. Introduction 
Pre-treatments based on functional silane coatings present prime technological interest 
as they provide different chemical functionalities on a wide range of substrates either metallic 
or non-metallic. The silane coatings are usually uniform, robust and reliable, presenting a 
lateral resolution in the nanometer regime [1-6]. The good barrier properties of the silane 
coatings are due to the formation of a dense –Si–O–Si– network, which hinders the 
                                                             
1 Published as full paper in International Journal Electrochemical Science, Volume 7, Roohangiz Zandi Zand, 
Kim Verbeken and Annemie Adriaens, Electrochemical Assessment of the Self-Healing Properties of Cerium 
Doped Sol-Gel Coatings on 304L Stainless Steel Substrates, 9592 – 9608, (2012). 
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penetration of aggressive species towards the metallic substrate. Thus, the effectiveness of the 
pre-treatments based on silane coatings is strongly dependent on the barrier properties of the 
film [7-10]. These barrier properties can be enhanced in order to make the silane coatings 
even more effective. Such goal can be achieved by the addition of small amounts of chemicals 
possessing specific corrosion inhibition properties, preferentially self-healing properties [11]. 
Recently, a new research trend in sol–gel processes has been oriented towards the 
development of sol–gel coatings doped with environmentally friendly inhibitors, such as 
cerium compounds [11-16]. These systems try to combine the “barrier protection” effect of 
sol–gel coatings with the “corrosion inhibition” effect of the cerium ions [8, 16]. Corrosion is 
inhibited by cerium ions that migrate through the coating to the location of the attack (a defect 
in the coatings) and then react to passivate the site. Thus, cerium ions act as cathodic 
inhibitors at active sites through precipitation of insoluble cerium hydroxide at local regions 
of high pH [16, 17].  
The corrosion inhibition properties of cerium compounds have been widely discussed 
in literature. Pepe et al. [12, 13], for instance, studied the role of incorporating cerium ions in 
hybrid silica sol-gel coatings prepared with tetraethylorthosilicate (Si(OC2H5)4, TEOS) and 
methyltriethoxysilane (SiCH3(OC2H5)3, MTES) doped with cerium salts on AISI 304 stainless 
steel and aluminum substrates. Results have shown an improvement of the corrosion 
protection in NaCl solutions. The explanation for this behavior can be found in the reaction of 
cerium (III and IV) and chromium (in the case of stainless steel) ions with the hydroxyls 
groups to the precipitation of cerium and chromium oxide/hydroxide on cathodic areas that 
can act as a barrier for the subsequent entrance of the oxygen to the reactive sites. Schem et 
al. [17] studied the electrochemical behavior of aluminum alloy 2024-T3 treated with hybrid 
sol-gel coating containing cerium oxide nanoparticles. Their studies indicate a general 
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beneficial effect of incorporation of ceria nanoparticles, although the performance of the 
coated alloy depends on the nanoparticle content. The electrochemical polarisation behavior 
revealed that the coating decreased the anodic current density by about seven orders of 
magnitude compared with the uncoated alloy, with high breakdown potentials in chloride-
containing solution.  
Montemor et al. [18] investigated the role of CeO2 nanoparticles used as fillers for 
hybrid silane coatings applied on galvanized steel substrates. Electrochemical impedance 
(EIS) and scanning vibrating electrode technique (SVET) measurements showed that the 
modified coatings have improved barrier properties and highlight the corrosion inhibition 
effect of ceria nanoparticles activated with Ce(III) ions.  
In previous work (chapter 4) it was reported that silane coatings modified with cerium 
nitrate hexahydrate provide very good barrier properties and improve the corrosion protection 
in comparison to non-modified silane coatings, when applied on 304L stainless steel 
substrates. The cerium inhibited system shows a slower electrochemical evolution than the 
non-inhibited one, because the inhibition effect of cerium ions slows down the corrosion 
kinetics. 
Also cerium doped sol–gel coatings can supply self-healing abilities, which can 
automatically repair the corroded areas, thereby providing long-term corrosion protection. 
Self–healing can be defined as the partial recovery of the protective properties of the coated 
system when damaged [9, 18]. The most suitable way to evaluate self-healing ability is via the 
application of an artificial defect on the surface and monitoring of the electrochemical 
behavior using electrochemical impedance spectroscopy [9, 18].  
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In this regard, in the present work, the self-healing ability of cerium modified sol-gel 
coatings on 304L stainless steel substrates was investigated by monitoring the electrochemical 
behavior of the coated samples before and after defect application. Cerium nitrate and cerium 
oxide nanoparticles were used as cerium sources and the electrochemical behavior of the sol-
gel coatings doped with cerium nitrate was compared with that of sol-gel coatings containing 
cerium oxide nanoparticles. In this study, the coated samples were immersed in the electrolyte 
for one week and after this period a defect in the form of a scratch was made on the surface 
using a needle. The diameter of the circular defect was around 1 mm. Electrochemical 
impedance measurements (EIS) and potentiodynamic polarization tests were carried out to 
monitor the corrosion performance of intact and scratched silane-treated 304L stainless steel 
substrates. 
5.2. Sample preparation 
304L stainless steel was used as substrate. In this study, sheets (7 cm × 15 cm × 0.1 
cm) were used for the salt spray tests, while coupons (1.13 cm2 area and 0.1 cm thickness) 
were used for all other experiments. The substrates were successively polished with 600 and 
1200 grit emery paper, degreased with acetone in an ultrasonic bath for 10 min. Chemical 
etching was performed by dipping the samples into an alkaline solution (1 M NaOH solution) 
for 5 min at 50ºC. After rinsing in tap water and then in deionized water, the cleaned 
substrates were air-dried.  
The silane solution was prepared by adding 4.084 mL of 3-glicidoxypropyltrimethoxy 
silane or GPTMS (Merck) to 0.5 mL of HCl-acidified water (pH = 2) (H2O/Si mole ratio = 
0.5 (23)). The solution was placed in a sealed beaker and stirred at room temperature for 20 
min at a rate of 240 rpm to hydrolyse and condensate the silane precursors. Ce(NO3)3.6H2O 
(Fluka) and CeO2 nanoparticles (10 wt % in water, particle size < 25 nm, Sigma Aldrich) 
 Chapter 5  
118 
 
were used as sources of cerium and were added at the end of this step of synthesis, followed 
by stirring for 10 min. The Ce/Si mole ratio in both cases was 0.1. In a following step, 2.111 g 
of bisphenol A (BPA) (Merck) was added to the solutions as a cross-linking agent (BPA/Si 
mole ratio = 0.5). The latter has shown to have a significant effect on the morphology and 
corrosion resistance of the coating [19]. BPA was dissolved by mixing the solution for 80 
minutes. To accelerate the condensation reaction, 0.0152 mL of 1-methylimidazol (MI) 
(Merck) (MI/Si mole ratio = 0.01) was added to the solution, followed by stirring for 5 min. 
The result in both cases (Ce(NO3)3.6H2O and CeO2 solution) was a clear and colorless 
homogenous solution. Finally, the cleaned substrates were dipped for 1 min in the silane 
solutions. The coated specimens were left to dry at room temperature for 24 hours, which was 
followed by a 25–130°C curing process with a heating rate of 7.5 °C/min for 90 minutes to 
initiate extensive cross-linking in the hybrid films [20]. The coating thickness was measured 
by eddy-current method (Check line 3000 pro, Germany).  
5.3. Results and discussion 
Figure 5.1 presents AFM topographic images recorded on the bare and coated 304L 
stainless steel specimens with the sol-gel coatings modified with Ce(NO3)3.6H2O and CeO2 
nanoparticles respectively. AFM images of the bare 304L stainless steel sample (Figure 5.1a, 
b), show a heterogeneous and scratched surface with an RMS surface roughness of 127.165 
that can be ascribed to polishing with emery paper. These images reveal some grains (crystal 
structure) of chromium in different sizes as well as distinct arrays (growth grains) along the 
scratches. These images used as reference to investigate the effect of cerium modified silane 
hybrid coating on microstructure and roughness of 304L stailess steel substrates. 
The AFM images of the sol-gel coating modified with Ce(NO3)3.6H2O (Figures 5.1c) 
reveal a the formation of crack and defect free coating with RMS (root mean square) surface 
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roughness of 0.227 nm. Interestingly, the rather low color contrast in the AFM image, 
suggests a limited heterogeneity of the coating thickness. In addition, no agglomerates are 
present on the surface.  
 
Bare 304L stainless steel 
(a) (b) 
  
Coated 304L stainless steel 
(c) (d) 
  
Figure 5.1. AFM topographic images of the bare (a, b, in different colors) and coated 304L stainless 
steel with the sol-gel coatings modified with Ce(NO3)3.6H2O (c) and CeO2 nanoparticles (d). 
AFM images for the bare and coated specimens recorded in non-contact and tapping mode, 
respectively. 
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In case of the sol-gel coating modified with CeO2 nanoparticles (Figures 5.1d), the 
nano-sized particles incorporated into the film matrix are clearly defined in these scans. The 
distribution of the nanoparticles is relatively uniform and the RMS roughness is 2.145 nm. 
Several particles in the hybrid matrix show a larger diameter and seem to result from 
agglomerates of smaller ones. Furthermore, there is a sharper color contrast in this image 
suggesting stronger height differences. Interestingly, the color contrast is uniformly 





Figure 5.2. Photographs of the 304L stainless steel surfaces coated with the sol-gel coatings modified 
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Photographs of the 304L SS pre-treated with Ce(NO3)3.6H2O and CeO2 nanoparticle 
modified coatings after 2000 hours of salt spray exposure (Figure 5.2) show that the coatings 
gave different levels of protection. Coating modified with Ce(NO3)3.6H2O (average thickness 
of the coating= 61 + 12 µm) (Figure 5.2a) did not blister or delaminate and retained its 
originally shiny surface, while coating modified with CeO2 nanoparticles (average thickness 
of the coating= 61 + 14 µm) (Figure 5.2b), exhibited slight blistering around the scratched 
area (circles in the figure). Overall, good long-term corrosion protection appears to have been 
achieved by the silane sol–gel coating modified with Ce(NO3)3·6H2O. 
Impedance spectra for the coating modified with Ce(NO3)3.6H2O, both with and 
without an applied defect, were recorded at intervals during immersion (Figure 5.3a). The 
impedance at low frequencies (LF) shown by the pristine sample was close to 1.95×106 Ω cm2 
during the first hours of immersion. After immersion for 3 days, it dropped slightly (1.6×106 
Ω cm2). This was associated with water uptake through pores and/or defects in the coating. 
Longer immersion (3 to 7 days) led impedance at LF to increase rapidly and remain high that 
can be ascribed to blocking the pores or defects by insoluble precipitation of cerium oxide or 
hydroxide (self-healing properties of cerium ions). This insoluble precipitation can be formed 
by releasing the cerium ions near the defects and its reaction with OH- ions from the cathodic 
reactions.  
After immersion for 7 days, a defect was induced on the coating to create a corroding 
area. The impedance at LF markedly decreased 1 hour after application of the defect (close to 
1.19×105 Ω cm2). This was an expected consequence of the damage. Further immersion for 1 
day led the impedance at LF to increase further to 1.6×106 Ω cm2. Yet longer immersion led 
the LF impedance to decrease slightly. This change is attributable to the self-healing effects of 
Ce(NO3)3·6H2O on the areas of corrosion [21]. The self-healing originated from the release of 
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cerium near the defect. The cerium then produced insoluble hydroxides by its reaction with 
hydroxyl groups from cathodic reactions [19]. These hydroxides, together with the corrosion 
products, decreased the cathodic current and consequently reduced the overall corrosion rate. 
The shape of the phase angle plot (Figure 5.3b) indicates two time constants before 
and after the application of the defect. The high-frequency process (around 103 before and 102 
rad s−1 after defect application) is attributable to the response of the silane film; the low-
frequency time constant (around 10-1 rad s−1 before and after defect application) is due to the 
response of the processes occurring between the metal oxide over the substrate and 
electrolyte. 
The coating modified with CeO2 nanoparticles showed a different trend. The total 
impedance of the system was lower than that of the Ce(NO3)3.6H2O modified sol–gel film. 
Impedance decreased rapidly with increased immersion, both before and for 5 days after the 
application of the defect (Figure 5.4a). Impedance increased 7 days after the application of the 
defect, suggesting that the coating was still providing some protection.  
The EIS spectra show two time constants before and after the application of the defect 
(Figure 5.4b). Increased immersion led the low-frequency time constant (around 10-1 rad s−1) 
to lose its prominence, while the high-frequency time constant (around 103 rad s−1) remained 
well defined. After the application of the defect, the phase angle plot shows two overlapped 
time constant; one at high frequencies (around 3.16 rad s−1), which is attributable to the 
response of the silane film and another one at the low-frequencies (around 1 rad s−1), which is 
ascribable to corrosion on the substrate, although no coating degradation was observed for the 
sol–gel coating containing CeO2 nanoparticles. 
 







Figure 5.3. EIS Bode modulus (a) and phase angle (b) plots obtained on the 304L stainless steel 
sample pre-treated with the silane film modified with cerium nitrate. Spectra were obtained 
during immersion in a 3.5% NaCl solution, before and after the application of the defect. 
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Figure 5.4. EIS Bode modulus (a) and phase angle (b) plots obtained on the 304L stainless steel 
sample pre-treated with the silane film containing CeO2 nanoparticles. Spectra were obtained 
during immersion in 3.5% NaCl solution, before and after defect application. 
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The EIS measurements were further analyzed by fitting the experimental plots to 
equivalent electrical circuits (EECs), while taking into consideration the number of time 
constants and the quality of the fits [22]. The equivalent circuit for the Ce(NO3)3.6H2O and 
CeO2 modified coating (Figure 5.5) consists of: the electrolyte resistance, Rs; the non-ideal 
capacitance of the coating, CPEcoat (0.67 < ncoat < 0.88); the resistance to the passage of the 
electrolyte presented by pores or defects, Rpo; the non-ideal capacitance of the oxide layer 
between the metal surface and the electrolyte, which soaks the corrosion products near the 
pores, CPEoxide (0.62 < ncoat < 0.95); and the oxide resistance of the metal oxide layer over the 
metal surface, Roxide.  
In this equivalent circuit, constant phase elements were used instead of pure 
capacitors, because of the non-ideal character of the corresponding response with phase shifts 
differing from –90°. The true capacitances can be calculated from the respective CPE 




Figure 5.5. Equivalent circuit used for the numerical fitting of the EIS data during immersion in a 
3.5% NaCl solution. 
 
Figures 5.6  5.8 depict the evolution of the parameters used in the numerical 
simulation of the experimental results. Values are shown with the errors from the numerical 
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decreased slightly during the first hours of immersion before the application of the defect 
(Figure 5.6), following the development of conductive pathways inside the silane film. The 
resistance remained nearly constant (around 1.32×105 Ω cm2) during immersion for 7 days. 
The high-frequency CPE values were around 9.5×10−7 F. cm−2 and decreased slightly with 
time. The low-frequency behavior was characterized by a resistance that increased from 
8.25×106 Ω cm2 during the first hours of immersion to 161×106 Ω cm2 after immersion for 7 
days. Its CPE values were around 2.70×10−6 F. cm-2 and remained nearly constant during the 
7 days of immersion. 
The high-frequency resistance increased 1 day after the application of the defect 
(1.30×106 Ω cm2); it subsequently decreased slightly until the end of the experiment. The 
CPE values were around 4.7×10−6 F. cm-2 and increased with time.  
1 day after defect application, the low-frequency resistance increased slightly from 
4.06×106 Ω cm2 to 6.05×106 Ω cm2 3 days after defect application and then decreased slightly 
until the end of the experiment. The CPE values decreased from 2.70×10−6 F cm−2 1 day after 
defect application to 1.81×10−6 F. cm-2 3 days after defect application and then increased 
significantly until the end of the experiment.  
The system modified with CeO2 showed slightly decreased high frequency resistance 
during immersion for 4 days that followed by slightly increasing after 7 days of immersion 
before the application of the defect (Figure 5.7). This can be ascribed to cerium oxide or 
hydroxide blocking the pores or defects [9, 21]. The CPE values were around 6.74×10−6 F. 
cm-2 and remained nearly constant during the 7 days of immersion. At low frequencies, 
resistance increased with time during 7 days immersion, indicating that cerium 
oxide/hydroxide formed with the release of CeO2 from the sol–gel matrix [9, 23]. 
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Correspondingly, the CPE values pass through a maximum after 3 days of immersion and 
then decreased slightly during 7 days immersion.  
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Figure 5.6. Evolution of the fitting parameters for the sol-gel coating modified with cerium nitrate 
before and after defect application. Values were obtained by numerical fitting, using the equivalent 
circuit depicted in figure 5.5, (10-4 < Chi-squared < 10-3).  
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After the application of the defect, the sample showed slightly decreasing high 
frequency resistance and increasing correspondingly CPE values for the duration of the 
immersion test, indicating degradation of the coating (Figure 5.8). At low frequencies, 2days 
after the application of the defect, the resistance decreased significantly which followed by 
nearly constant values until the end of the experiment. The CPE values reached a maximum 
during the 5 days after the application of the defect which followed by rapidly decreasing 
until the end of the experiment owing to saturation of electrolyte in the sol–gel film. 
The electrochemical tests showed that modification of the silane sol–gel coating with 
cerium ions resulted in a protective coating with barrier properties and/or corrosion inhibiting 
activity. The improved barrier properties were correlated with increases of reactive silanol 
groups (–Si(OH)3) and condensed species that could increase the viscosity of the silane 
solution and the coating thickness [7]. 
Further assessment of the mechanisms associated with the electrochemical behavior of 
these systems was conducted through potentiodynamic polarization measurements. The 
curves obtained from the scratched samples after 1 hour of immersion are depicted in Figure 
5.8. Table 5.1 lists the electrochemical parameters obtained from these measurements.  
The Ce(NO3)3-doped sol–gel coating showed a lower corrosion current density, icorr, 
(around 1.36×10−7 A cm−2) than the sol–gel coating containing CeO2 nanoparticles, and its 
potential was shifted higher (−0.408 V). This coated sample shows a passivation range of 
approximately −0.340 V to +0.013 V over its corrosion potential. This behavior was improved 
by the barrier properties of the coating [19]. 
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Figure 5.7. Evolution of the resistance (a) and capacitance (b) for the sol-gel coating containing CeO2 
nanoparticles before defect application, during immersion in a 3.5% NaCl solution. Values were 
obtained by numerical fitting, using the equivalent circuit depicted in figure 5.5, (10-4 < Chi-squared < 
10-3). 
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Figure 5.8. Evolution of the resistance (a) and capacitance (b) for the sol-gel coating containing CeO2 
nanoparticles after defect application, during immersion in a 3.5% NaCl solution. Values were 
obtained by numerical fitting, using the equivalent circuit depicted in figure 5.5, (10-4 < Chi-squared < 
10-3). 
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Figure 5.8. Potentiodynamic polarization curves of the sol-gel coating modified with cerium nitrate 
and sol-gel coating containing CeO2 nanoparticles obtained after 1 hour immersion in a 3.5 % NaCl 
solution. For comparative purposes a plot is also inserted, in which the potential is depicted as the 
difference between the imposed potential and the corrosion potential. This approach allows a better 
separation of the anodic and cathodic polarization effects. 
 
Coating containing CeO2 presented a continuous potential range characterized by a 
control mechanism of equilibrium in the oxidation and reduction reactions. It also showed a 
wide passive plateau of −0.403 V to +0.092 V above the corrosion potential. 
The d.c. polarization results show that the presence of the cerium compounds 
favorably shifted the corrosion potential, decreased the anodic currents, and altered the 
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kinetics of the anodic processes [19]. These effects were much more marked for Ce(NO3)3-
doped coatings than for coating containing CeO2. 
 
Table 5.1. Summary of the electrochemical parameters obtained from the polarization measured in a 
3.5% Nacl solution. 
sample Ecorr (V) icorr (A cm-2) bc (V/dec) ba (V/dec) Passive area (V) 
With Ce(NO3)3 -0.408 1.361 × 10-7 0.187 0.950 -0.340 to 0.013 
With CeO2 -0.434 4.993 × 10-7 0.230 0.116 -0.403 to 0.092 
 
5.4. Conclusion 
Pre-treatments based on the use of organofunctional silane solutions modified with a 
corrosion inhibitor can benefit from additional active corrosion protection when an 
appropriate inhibitor is used. Cerium nitrate and cerium oxide are demonstrated here as 
possible additives which can provide a self-healing ability in combination with their good 
barrier properties of the sol-gel films.  
Microscopic observations confirm the formation of transparent cerium modified sol-
gel films without any defects and cracks. The results reveal the formation of a comparatively 
smooth nanostructure surface with a small heterogeneity in coating thickness in the sol-gel 
coatings modified with Ce(NO3)3.6H2O. Also these results confirm the integral maintaining 
the surface morphology of the sol-gel coatings modified with CeO2 nanoparticles, after short 
time corrosion tests (14 days immersion in 3.5% NaCl solution).  
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Corrosion tests results indicate that the CeO2 nanoparticles have good corrosion 
inhibition properties on scratched surfaces due to ability to complex other species, therefore 
contributing for the stabilization of the passive film. In this way, these particles have an 
anodic inhibition mechanism. 
The positive impact, in the barrier properties, corrosion inhibition and self –repair of 
defects, is significantly improved with modification of the silane solution with cerium nitrate 
solution. The cerium ions have the ability to change the silane solution chemistry, promoting 
the formation of reactive silanol group and also of more condensed species. The cerium 
nitrate provides the best corrosion protection either in intact sol-gel films or in the presence of 
scratches. 
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Influence of cerium concentration on the microstructural features and 
corrosion protection of the cerium-doped silane hybrid coatings on hot-dip 
galvanized steel substrates 1 
 
6.1. Introduction 
Cerium doped sol–gel coatings are actively investigated for the surface pre-treatment 
of metals and alloys. Positive results have been obtained with aluminium and its alloys [1-4], 
magnesium and its alloys [5, 6] and steel [7-12]. Similar as pure sol–gel coatings, the cerium 
doped ones can also form a dense barrier, which hinders the penetration of electrolyte towards 
the metal surface. The important difference between them is that cerium doped sol–gel 
                                                             
1 Published as full paper in International Journal Electrochemical Science, Volume 8, Roohangiz Zandi Zand, 
Kim Verbeken and Annemie Adriaens, Influence of the Cerium Concentration on the Corrosion Performance of 
Ce-doped Silica Hybrid Coatings on Hot Dip Galvanized Steel Substrates, 548-563, (2013). 
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coatings display self-healing abilities, which can automatically repair the damaged areas, 
providing a long-term corrosion protection [13].  
Also cerium–silica hybrid coatings have been investigated as prospective pre-
treatments for many metallic substrates. For instance, Trabelsi [14] and Zhong et al. [13] 
studied the electrochemical behaviour of Ce-doped silane hybrid coatings on galvanized steel 
and magnesium alloy AZ91D, respectively. They found that the protective behaviour of the 
pre-treatments based on Ce-doped silane solutions depends on the dopant concentration. The 
results also suggest that there is an optimum concentration of dopant as higher or lower 
concentrations lead to a negative effect in the coating barrier properties. Garcia-Heras and co-
workers [15] investigated the electrochemical properties of cerium–silica sol–gel thin films on 
zinc panels. They found that the critical concentration of the anticorrosive pigment (Ce3+ 
salts) was in the 0.2–0.6 range (wt.%). Above this concentration, defects were observed in the 
sol–gel film. Rosero-Navarro and co-workers [1] studied the effects of Ce-containing sol–gel 
coatings reinforced with SiO2 nanoparticles on the protection of AA2024. The results show 
that the incorporation of cerium ions in the coating induced an inhibition action. However, the 
interaction of the cerium pigments with the silica network usually leads to significant 
shortcomings in the coating stability and the activities of the cerium pigments [16]. Therefore, 
the cerium concentration has to be carefully controlled to overcome these shortcomings as 
much as possible. 
A few studies have reported on the effect of the cerium concentration on the properties 
of the coatings [14, 17]. Information on the influence of the cerium concentration on 
morphology and anticorrosion performance remains, however, still limited in the literature 
and hence needs further investigation. Therefore, the present work investigates the effect of 
the cerium concentration on the morphology and anticorrosion performance of cerium–silica 
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hybrid coatings on hot dip galvanized steel substrates (HDG) pre-treated with 3-
glycidoxypropyltrimethoxysilane (GPTMS) solutions doped with cerium nitrate.  
6.2. Sample preparation 
The silane solution was prepared by adding 4.084 mL of 3-glicidoxypropyltrimethoxy 
silane or GPTMS (Merck) to 0.5 mL of HCl-acidified water (pH = 2) (H2O/Si mole ratio = 
0.5 [18]). The solution was placed in a sealed beaker and stirred at room temperature for 20 
min at a rate of 240 rpm to hydrolyse and condensate the silane precursors. Ce(NO3)3.6H2O 
(Fluka) was used as cerium source and was added at the end of this step of synthesis, followed 
by stirring for 10 min. The Ce/Si mole ratio was 0.000, 0.001, 0.005, 0.010, 0.050 and 0.100, 
respectively. In a following step, 2.111 g of bisphenol A (BPA) (Merck) was added to the 
solutions as a cross-linking agent (BPA/Si mole ratio = 0.5). The latter has shown to have a 
significant effect on the morphology and corrosion resistance of the coating [7]. BPA was 
dissolved by mixing the solution for 80 minutes. To accelerate the condensation reaction, 
0.0152 mL of 1-methylimidazol (MI) (Merck) (MI/Si mole ratio = 0.01) was added to the 
solution, followed by stirring for 5 min. The result was a clear and colourless homogenous 
solution.  
The metallic substrate consisted of hot dip galvanized steel coupons (1.13 cm2 area 
and 0.1 cm thickness for the SEM measurements and electrochemical tests) and plates (7 cm 
× 15 cm × 0.1 cm for the salt spray tests). The zinc coating has a weight of approximately 140 
g/m2 and a thickness of approximately 10 µm, measured by Elcometer 355 probe module 
(Braine Instruments). The galvanized steel specimens were degreased using an alkaline 
cleaner. Following the cleaning, the substrates were washed with distilled water, dried in air 
and immersed in the silane solution for 60 s. The coated specimens were dried at room 
temperature for 24 hours and subsequently submitted to a 25–130°C curing process with a 
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heating rate of 7.5 °C/min for 90 minutes to initiate extensive cross-linking in the hybrid films 
[11]. The coating thickness was measured by eddy-current method (Check line 3000 pro, 
Germany). 
6.3. Results and discussion 
Microstructural observation of the non-doped and the 0.05 M cerium nitrate-modified silane 
hybrid coatings before immersion in a 3.5 % NaCl solution revealed smooth surfaces without any 
cracks or defects (Figure 6.1). However, the non-doped coating showed several agglomerations 
(Figure 6.1a), which may be ascribed to the relatively high viscosity of the sol solution [19]. The 
heterogeneities in the coating might lead to regions more prone to corrosion. 
 
  
Figure 6.1. Scanning electron micrographs of cerium-silica coatings doped with (a) 0.000 M and (b) 
0.05 M cerium nitrate on HDG steel samples prior to immersion in a 3.5% NaCl solution. 
 
After immersion for 72 hours in a 3.5 % NaCl solution, localized corrosion was 
observed for all coatings (for the 0.050 M sample). Exfoliation of the corrosion products and 
cracks of different sizes were observed. These localized attacks could promote the 
(a) (b) 
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deterioration and delamination of the films, and were possibly due to hydrolysis reactions at 
the interface. Corrosion was enhanced by the diffusion of the oxidant ions, which caused 
corrosion products to accumulate at the interface and promoted the formation of defects and 
micro-cracks [20, 21]. 
The coating prepared using 0.050 M cerium nitrate remained homogenous and crack-
free after immersion for 120 hours (not shown). Further immersion for a total 144 hours led to 
the appearance of cracks. Comparison of the specimens after immersion for 144 hours (Figure 
6.2) suggests that the lowest and highest tested concentrations of cerium reduced corrosion 
inhibition in the sol–gel matrix and weakened the coatings. 
Non-doped coating (average thickness: 2.7 ± 0.2 µm), showed limited resistance in the 
neutral salt spray test. Corrosion was visible to the naked eye after exposure for 120 hours. 
Coatings doped with 0.005 and 0.010 M cerium nitrate (average thickness: 5.5 ± 0.2 and 7.6 ± 
0.2 µm, respectively) showed corrosion after 168 hours, while coatings containing 0.001 and 
0.100 M cerium nitrate (average thickness: 6.4 ± 0.2 and 11.5 ± 0.2 µm, respectively) showed 
corrosion after 240 hours. The best performance in the salt spray test, with respect to general 
and localized corrosion, was shown by coating containing 0.050 M cerium nitrate (average 
coating thickness: 8.4 ± 0.2 µm). Corrosion was detected after 336 hours of exposure. 
Non-doped coating showed delamination, which increased rapidly during exposure to 
the salt spray. The coatings that incorporated cerium nitrate also showed increasing 
delamination during exposure, but with markedly reduced rates; for example, the coatings 
with 0.001 M and 0.050 M cerium nitrate showed comparatively little delamination after 
exposure to the neutral salt spray for 336 hours. Images of the specimens after salt spray 
testing for 336 hours are shown in figure 6.3. 








Figure 6.2. Scanning electron micrographs of cerium-silica coatings doped with (a) 0.000 M , (b) 
0.001 M, (c) 0.005 M, (d) 0.01 M, (e) 0.05 M and (f) 0.1 M cerium nitrate on HDG steel 















Figure 6.3. Photographs of cerium-silica coatings doped with (a) 0.000 M, (b) 0.001 M, (c) 0.005 M, 
(d) 0.01 M, (e) 0.05 M and (f) 0.1 M cerium nitrate on HDG steel samples after 336 hours of 
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The different corrosion behaviors of the five samples containing cerium nitrate can be 
modeled using hybrid networks with limited capacities for inhibitor uptake. A low 
concentration of inhibiting cerium nitrate leads to improved barrier properties and, therefore, 
to improved uniform corrosion protection. Increased cerium nitrate content leads to increased 
porosity, which reduces the barrier properties of the coating and so lowers the protection 
against corrosion [9, 15, 19, 22]. 
Corrosion near the scratch behaved differently from the uniform corrosion elsewhere. 
Increasing the cerium concentration significantly reduced delamination. For instance, the 
coatings with 0.050 M and 0.1 M cerium nitrate showed less delamination near the scratch 
than those with lower cerium nitrate contents. The limited delamination in the presence of 
higher concentrations of cerium nitrate suggests the presence of a corrosion-inhibiting 
species. 
Impedance spectra of the six HDG samples were recorded after 24 hours of immersion 
in a 3.5 % NaCl solution (Figure 6.4a). The impedance at low frequencies (LF) initially 
increased with increasing cerium nitrate concentration from 0.000 to 0.050 M. However, 
above this critical concentration, impedance at LF reduced slightly.  
The shape of the phase angle plot in figure 6.4b indicates the presence of two time 
constants. The high-frequency time constant (around 104 rad s−1) is attributable to the 
response of the silane film, and low-frequency time constant (around 0.316 rad s−1) to the 
response of processes between the metal oxide layer over the substrate and electrolyte. 
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Figure 6.4. EIS Bode modulus (a) and phase angle (b) plots obtained on the HDG steel samples pre-
treated with the cerium-silica coatings doped with different concentrations of cerium nitrate. 
Spectra were obtained after 24 hours of immersion in a 3.5% NaCl solution. 
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EIS Bode modulus (Figure 6.5a) and phase angle (Figure 6.5b) plots of the various 
coatings after immersion for 144 hours in a 3.5 % NaCl solution consistently show clear 
decreases of impedance at LF. This can be attributed to the hydrolytic degradation of the 
coatings. The impedance at LF of coatings doped with cerium nitrate (except 0.05 M) dropped 
to less than 300 Ω cm2. However, the exception, doped with 0.05 M cerium nitrate, retained 
higher impedance at LF of 337 Ω cm2. The dependence of corrosion resistance on the cerium 
concentration indicates the significance of controlling the cerium concentration for optimal 
protection [13, 14]. 
The EIS results can be interpreted by numerical fitting using the equivalent circuit 
depicted in figure 6.6. In this equivalent circuit, RS is the resistance of the electrolyte; CPEcoat 
(0.61 < noxide < 0.84) and Rcoat represent the capacitance and resistance of the hybrid coating, 
respectively and CPEoxide (0.63 < noxide < 92) and Roxide represent the capacitance and 
resistance of the metal oxide layer over the metal surface, respectively. The variation of the 
fitted parameters (resistances and capacitances) with immersion time using the equivalent 
circuits of figure 6.6 is shown in figure 6.7 and 6.8. Values are shown with the errors from the 
numerical fitting (10-4 < Chi-squared < 10-2). 
The evolution of the properties of the coatings during immersion was assessed by 
plotting their capacitance and resistance (Figure 6.7). The coatings doped with 0.005 and 
0.050 M cerium nitrate had the lowest capacitance during the 144 hours of immersion, 
demonstrating that they were of the greatest thickness (Figure 6.7a). During immersion, 
capacitance remained largely consistent, with only a small increase, associated with 
electrolyte uptake, visible after 24 hours. Increased cerium nitrate doping significantly 
influenced the capacitance of the coatings, which was raised by about an order of magnitude 
in the coating with 0.100 M cerium nitrate.  
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Figure 6.5. EIS Bode modulus (a) and phase angle (b) plots obtained on the HDG steel samples pre-
treated with the cerium-silica coatings doped with different concentrations of cerium nitrate. 
Spectra were obtained after 144 hours of immersion in a 3.5% NaCl solution. 
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This increase was due to a decrease of the coating thickness and/or a higher porosity, 
either of which would increase conductivity [14]. During immersion of the coating containing 
0.100 M cerium nitrate, film capacitance significantly increased because of water uptake. This 
was due to the reduced barrier properties of the highly loaded film, which is in accordance 
with previous results of cerium-doped silane coatings on aluminum alloys (reported by 





Figure 6.6. The equivalent circuit used for numerical fitting of the EIS data during immersion in a 
3.5% NaCl solution. 
 
The evolution of the coating resistance (Figure 6.7b) is an important characteristic of 
the barrier properties of a protective layer [14, 19]. Upon initial immersion, the highest 
resistance was shown by the coating containing 0.050 M cerium nitrate. A small increase of 
coating resistance occurred during the first 24 hours of immersion, probably due to swelling 
of the matrix and consequent closing of nano/micro pores [19]. Resistance subsequently 
decreased slowly during the remainder of the 144 hour immersion test, reflecting the stability 
and good barrier properties of the coating. In contrast, the coatings containing the lowest 
concentrations of cerium nitrate (0.000 to 0.005 M) rapidly lost their barrier properties; 
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formation of new defects and pores in the coatings [19]. The behaviors of resistance and 



























































Figure 6.7. Evolution of the coating capacitance (a) and coating resistance (b) during immersion in a 
3.5% NaCl solution. Values were obtained by numerical fitting using the equivalent circuit 
depicted in figure 6.6. 
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The concentration of cerium nitrate also affected parameters characteristic of the 
corrosion process between the metal oxide layer and electrolyte; which is associated with the 
development of a time constant in the low-frequency range of the EIS spectra. Over the first 
24 hours of immersion, metal oxide resistance, increased as cerium content increased from 
0.000 to 0.050 M (Figure 6.8a). Greater doping led to a significant reduction of metal oxide 
resistance. All coatings showed decreasing resistance during immersion for 144 hours, 
although the highest resistances were shown by the coating doped with 0.050 M cerium 
nitrate. This behavior indicates the good resistance of the doped coating against the onset of 
corrosion [14]. 
The metal oxide capacitance (Figure 6.8b) of all the coatings increased during the 
immersion test. The EIS results also show that the coatings doped with 0.000 and 0.001 M 
cerium nitrate corroded soonest, with the first signs of corrosion detected after 24 h. The 
others coatings showed corrosion after 96 hours (except for that containing 0.05 M cerium 
nitrate). These results are in good agreement with the observations of coating resistance, and 
indicate that there is an optimal level of cerium doping. The coating with the highest 
concentration of cerium nitrate showed lower barrier properties, and so allowed corrosion 
[14]. 
Potentiodynamic polarization measurements were carried out to estimate the effects of 
cerium concentration on the corrosion resistance of the coatings (Figure 6.9). The corrosion 
current (icorr) and corrosion potential (Ecorr) were determined by Tafel extrapolation [13, 23], 
and show the effects of the different doping levels (Table 6.1). There are two significant 
differences between the curves of the non-doped coating and that containing 0.050 M cerium 
nitrate: Ecorr shifted to a greatly less negative value and cathodic current density (A/cm2) 
markedly reduced.  



























































Figure 6.8. Evolution of the metal oxide resistance (a) and capacitance (b) during immersion in a 
3.5% NaCl solution. Values were obtained by numerical fitting using the equivalent circuit 
depicted in figure 6.6. 





















































Figure 6.9. Potentiodynamic polarization curves of the cerium-silica coatings doped with different 
concentrations of cerium nitrate obtained after 1 hour immersion in a 3.5 % NaCl solution. For 
comparative purposes a plot is also inserted, in which the potential is depicted as the 
difference between the imposed potential and the corrosion potential. This approach allows a 
better separation of the anodic and cathodic polarization effects. 
 
The difference in Ecorr directly reflects the degree of coverage of the coating over the 
entire substrate [24]. Good coverage provides a continuous nano-porous coating layer, which 
causes Ecorr to shift to a more positive value. The reduction of cathodic current density is 
attributable to the inhibition of the cathodic reaction at the corrosion site, particularly the 
oxygen reduction reaction [24, 25]. Similar behavior has been reported by Zhong et al. [13] 
for the magnesium alloy AZ91D in 3.5 % NaCl solution after the addition of cerium nitrate. 
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Their results suggest that Ce3+ ions react in a first stage with OH− ions, which are generated in 
the cathodic zones of the alloy, leading to the formation of localized areas rich in cerium. 
These are then involved in blocking the cathodic sites, which is reflected in the reduced 
corrosion rate. Hence, such a reaction, which leads to the corrosion of steel, appears to be 
retarded by a silica coating containing an inhibitor of 0.05 M cerium nitrate. 
 
Table 6.1. Summary of the electrochemical parameters obtained from the polarization measured in a 
3.5 % NaCl solution. 
sample Ecorr (V) icorr (A cm-2) bc (V/dec) ba (V/dec) Passive area (V) 
0.000 M -0.974 3.577 × 10-5 0.06 0.093 -0.792 to -0.241 
0.001 M -1.025 3.484 × 10-6 0.043 0.057 -0.815 to -0.348 
0.005 M -0.972 1.184 × 10-6 0.017 0.066 -0.829 to -0.320 
0.01 M -0.963 6.013 × 10-6 0.014 0.027 -0.838 to -0.341 
0.05 M -0.957 1.749 × 10-6 0.047 0.0096 -0.864 to -0.289 
0.1 M -0.976 1.020 × 10-6 0.016 0.027 -0.840 to -0.304 
 
6.4. Conclusion 
Pre-treatments of hot dip galvanized steel based on the use of 3-
glycidoxypropyltrimethoxysilane (GPTMS) and bisphenol A (BPA) doped with different 
concentrations of cerium nitrate reveal a relatively smooth surface morphology without cracks 
or defects before the corrosion test. After the corrosion test the morphology of the coatings 
depend on the cerium nitrate concentration. The results confirm that very low and very high 
cerium concentrations lead to a lack of corrosion inhibition in the sol-gel matrix.  The 
optimum concentration of cerium nitrate is 0.050 M. These coatings resist for 336 hours the 
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salt spray exposure with only a reduced corrosion near the artificial scratch and uniform 
corrosion, compared to the silane coating without cerium nitrate.  
Upon addition of cerium nitrate as dopant, the silane coating shows improved barrier 
properties, coating resistance and a decrease in coating capacitance. Incorporation of 0.05 M 
cerium nitrate reduces the cathodic current density by two orders of magnitude and shifts the 
voltage to more positive values compared with the non-doped silane coated substrate during 
polarization in a 3.5 % NaCl solution.  
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Evaluation of corrosion inhibition by silane coatings filled with cerium salt-
activated nanoparticles on hot-dip galvanized steel substrates 1 
 
7.1. Introduction 
Zinc coatings are predominantly used for an improved aqueous corrosion resistance of 
steel by two mechanisms, namely barrier and galvanic protection. On the one hand, the zinc 
coating serves as a barrier between the steel substrate and the corrosive environment. 
Consequently zinc will be attacked before steel. On the other hand, since zinc is less noble, 
i.e. more anodic than iron at ambient conditions, it will also offer galvanic protection as zinc 
will sacrificially corrode to protect the steel substrate, even if steel is exposed at cut edges or 
                                                             
1 Published as full paper in International Journal Electrochemical Science, Volume 8, Roohangiz Zandi Zand, 
Kim Verbeken and Annemie Adriaens, Evaluation of the Corrosion Inhibition Performance of Silane Coatings 
Filled with Cerium Salt-Activated Nanoparticles on Hot-Dip Galvanized Steel Substrates, 4924-4940, (2013). 
Corrosion inhibition by silane coatings filled with cerium salt-activated nanoparticles 
159 
 
at scratches. Typical processing methods used to apply Zn-based coatings include hot-dip 
galvanizing (HDG), thermal spraying and electro deposition. HDG is the immersion of a steel 
compound in a molten bath of zinc or a zinc-alloy. Both batch and continuous processing 
methods are industrially available [1]. An extensive overview of the metallurgy of zinc coated 
steels can be found in the review of Marder [2].  
The corrosion resistance of HDG steel can be improved by the application of coatings 
[2]. One approach to improve corrosion resistance of HDG steel is based on hybrid organic–
inorganic coatings [3, 4]. This approach combines the advantages of the inorganic and organic 
components. The organic constituent provides flexibility, reduces defectiveness, and improves 
the compatibility with the polymer coatings, while the inorganic part is responsible for the 
superior adhesion to the metal surface and the high ductility. Moreover, these coatings can be 
applied at relatively low temperatures. 
The anticorrosive properties of hybrid organic–inorganic coatings can be improved by 
the incorporation of nanoparticles in the coating [5-10]. The nanoparticles can be synthesized 
in the films, as demonstrated for sol–gel coatings [9, 11], or they can be added to the pre-
treatment solutions [12]. The corrosion resistance of Mg alloys, pre-treated with sol–gel 
coatings containing ZrO2 and CeO2 nanoparticles, has been investigated previously, and it 
was reported that the CeO2 component provided enhanced corrosion protection, while ZrO2 
imparted corrosion resistance and wear resistance [13]. 
Van Ooij and co-workers [14] reported that bis-sulfur silane films could be thickened 
and strengthened by loading them with silica particles. However, when the bis-sulfur silane 
film was heavily loaded with silica, it tended to form a porous film, which promoted 
electrolyte intrusion and premature film delamination. The addition of SiO2 nanoparticles to 
silane films electrodeposited on aluminum also revealed beneficial effects, and a “critical 
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content” of nanoparticles was proposed [15]. The results obtained in these studies focused 
mainly on the role of the nanoparticles in the barrier properties of the film, and little attention 
was given at the role of the nanoparticles in the electrochemical processes involved in the 
corrosion processes of metallic substrates [11]. 
Ceria nanoparticles are versatile materials that have found applications in many 
different fields, including catalysis [16], semiconductores [17], sensors [18, 19], biomaterials 
[20], cosmetics [7], and coatings [21, 22]. With respect to coatings, ceria nanoparticles have 
shown to improve wear and corrosion resistance in acidic media [22]. NiAl intermetallic 
coatings containing CeO2, in comparison with the coating without CeO2, exhibited higher 
hardness, an improved elastic modulus, fewer defects, and decreased porosity [23]. Ce2O3–
CeO2 layers showed a pronounced stabilizing effect on the passive state of steel and its 
corrosion resistance in a sulfuric acid medium, which allows these coated steels to be used as 
construction materials for reactors neutralizing sulfuric acid-containing emissions [24]. It has 
also been reported that nano-CeO2 and nano-SiO2 particles increased the thermal stability of 
Ni–W–P alloy coatings at high temperatures, and improved their micro-hardness [25]. 
Previous work has reported the protective nature of silane coatings modified with 
CeO2 nanoparticles and cerium nitrate (chapter 5). The results demonstrated that ceria 
nanoparticles were very effective fillers; they led to improved barrier properties in the silane 
coatings, and improved the corrosion inhibition. It was established that the positive impact on 
both the barrier properties and the corrosion inhibition was significantly improved by 
modifying the silane solution with cerium nitrate. The presence of cerium nitrate reinforced 
the barrier properties of the silane films, reducing the corrosion activity and improved self-
healing the corroded areas. 
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The present work reports and discusses the protective behavior of silane films loaded 
with CeO2 nanoparticles. The nanoparticles were activated with cerium ions to improve the 
corrosion resistance of the galvanized steel substrates.  
7.2. Sample preparation 
Ceria nanoparticles (10 wt% in water, particle size < 25 nm, Sigma Aldrich) were 
ultrasonically dispersed in an aqueous solution of cerium nitrate (Fluka), to obtain 
concentrations of 0.025 M for the nanoparticles, and 0.025 M for the cerium nitrate. This 
aqueous dispersion was then used to prepare what will be called the “silane solution 
containing activated CeO2 nanoparticles” in the remaining part of the chapter. 
Another set of ceria nanoparticles was ultrasonically dispersed in water at a 
concentration of 0.05 M. This aqueous dispersion was used to prepare what will be called the 
“silane solution containing CeO2 nanoparticles” in the remaining part of the chapter. 
The silane solution was prepared by adding 4.084 mL of 3-glicidoxypropyltrimethoxy 
silane or GPTMS (Merck) to 0.5 mL of HCl-acidified water (pH = 2) (H2O/Si mole ratio = 
0.5 [26]). The solution was placed in a sealed beaker and stirred at room temperature for 20 
min at a rate of 240 rpm, to hydrolyze and condensate the silane precursors. The aqueous 
dispersion of ceria nanoparticles was added at the end of this synthesis step, and this was 
followed by stirring for 10 min. In the following step, 2.111 g of bisphenol A (BPA) (Merck) 
was added to the solutions as a cross-linking agent (BPA/Si mole ratio = 0.5). The latter has 
been shown to realize a significant effect on the morphology and improvement of the 
corrosion resistance of coatings [27]. The BPA was dissolved by mixing the solution for 80 
minutes. To accelerate the condensation reaction, 0.0152 mL of 1-methylimidazol (MI) 
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(Merck) (MI/Si mole ratio = 0.01) was added to the solution, which was followed by stirring 
for 5 min. The result was a clear and colorless homogenous solution.  
Identical silane solutions were prepared with and without cerium nitrate, to obtain the 
so-called “cerium modified and non-modified silane coatings”. The Ce/Si mole ratio was 
0.05. 
The metallic substrate consisted of hot dip-galvanized steel coupons (1.13 cm2 area 
and 0.1 cm thickness for the AFM, SEM, and electrochemical tests) and plates (7 × 15 × 0.1 
cm for the salt spray tests). The galvanized steel specimens after degreasing, as explained in 
chapter 6, immersed in the silane solution for 60 s. The coated specimens were dried at room 
temperature for 24 h, and subsequently submitted to a 25–130°C curing process with a 
heating rate of 7.5 °C/min for 90 minutes, to initiate extensive cross-linking in the hybrid 
films [28]. The coating thickness was measured by cross-sectioning method.  
7.3. Results and discussion 
AFM images of the bare and coated HDG substrates with both non-modified and 
cerium-modified silane coatings presented in Figure 7.1. AFM images of the bare HDG steel 
sample (Figure 7.1a, b), show a heterogeneous surface with an RMS surface roughness of 
57.025. These images reveal some grains (crystal structure) of zinc in different sizes as well 
as distinct arrays (growth grains). These images used as reference to investigate the effect of 
hybrid coating on microstructure and roughness of galvanized steel substrates. 
AFM image of non-modified silane coating (Figure 7.1c) shows formation of a defect 
and crack free coating with an RMS surface roughness of 0.608 nm. Also, the image reveals 
some large particles that likely resulted from the agglomeration of smaller silica particles on 
the surface [29, 30].  
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Figure 7.1. AFM topographic images of the bare (a, b; in different color scales) and coated HDG steel 
samples with blank silane (c), Ce(NO3)3.6H2O (d), CeO2 nanoparticles (e), and CeO2 + 
Ce(NO3)3.6H2O (f). AFM images for the bare and coated specimens recorded in non-contact 
and tapping mode respectively. 
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The silane coating modified with Ce(NO3)3, also, showed a defect and crack free 
surface without any agglomerates with an RMS surface roughness of 0.402 nm (Figure 7.1 d).  
AFM image of the coating modified with non-activated CeO2 nanoparticles (Figure 
7.1e) shows a number of CeO2 nanoparticles uniformly distributed in the silane coating, 
which had an RMS roughness of 8.421 nm. Also, some agglomerates were visible in the 
image. The sharper color contrast of the topographic image suggests larger height differences. 
The color contrast was uniformly distributed throughout the image, indicating heterogeneity 
of the coating thickness. Similar observations were reported by Phanasgaonkar et al. [29]. 
AFM image of the silane film filled with activated CeO2 nanoparticles (Figure 7.1f) 
reveals a number of CeO2 nanoparticles uniformly distributed in the silane coating, which had 
an RMS roughness of 6.210 nm. The image shows that the outer surface layers of this coating 
contained nanometer-scale particles and agglomerates. These results suggest that the addition 
of cerium ions altered the surface morphology of the coating modified with non-activated 
CeO2 nanoparticles. 
SEM revealed the effects of the CeO2 nanoparticles on the microstructure and 
qualitative chemical composition of the various silane coatings. Figure 7.2a shows the surface 
of the typical blank silane coating prior to immersion in a 3.5 % NaCl solution. It appears 
uniform and defect- and crack-free. However, several white agglomerates appeared in the 
coating matrix, which were identified by EDX as being Si-rich (Figure 7.2b). It is likely that 
these features were clusters of nanoparticles formed in the outermost layers of the silane film 
1, 39. The coatings doped with cerium nitrate (Figure 7.2c) and non-activated cerium oxide 
nanoparticles (Figure 7.2d) contained particles of many different sizes. These particles were 
equally distributed in the coatings, and no micro-scale pores or cracks were observed. The 
silane film filled with CeO2 nanoparticles activated with cerium ions showed fewer and 
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smaller silica agglomerations than the blank silane film (Figure 7.2e). EDX analysis of this 
region (Figure 7.2f) clearly showed the presence of cerium and silicon peaks, indicating that 
the addition of activated CeO2 nanoparticles led to the decomposition of the silane chains and 
a reduction in the size of the particles in the sols [29, 31]. 
The thicknesses of the silane films were also determined using SEM. The silane 
coatings modified with cerium nitrate and non-activated cerium oxide nanoparticles showed 
thicknesses of approximately 2.16 and 4.97 μm, respectively. Thickness increased to 
approximately 6.77 μm for the coating filled with CeO2 nanoparticles activated with cerium 
ions. All modified films were thicker than the blank silane film (approximately 1.89 μm), 
suggesting that thicker or better cross-linked coatings formed in the presence of the activated 
ceria nanoparticles, as also observed by Montemor et al. [13] and Garcia-Heras et al. [32]. 
This modification of the coating matrix could improve the resistance to oxidation of the 
substrate [29]. 
SEM images of the non-modified and cerium-modified silane coatings obtained after 
electrochemical impedance spectroscopy testing (Figure 7.3) indicate the ability of the sol–gel 
coatings to protect the HDG substrates. All the coatings showed localized corrosion after 
immersion for 144 h in a 3.5 % NaCl solution: exfoliation of the corrosion products and 
cracks of different sizes were observed. These localized attacks promoted the deterioration 
and delamination of the hybrid film, possibly due to hydrolysis reactions at the interface.  










Figure 7.2. Scanning electron micrographs (a, c, d, e) and EDX spectrum obtained from the indicated 
regions (b, f) of the HDG steel samples coated with blank silane (a, b), Ce(NO3)3.6H2O (c), 
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Additionally, the diffusion of the oxidant ions became faster, and the corrosion rate 
increased, causing an accumulation of corrosion products at the interface, and at the same 






Figure 7.3. Scanning electron micrographs of the HDG steel samples coated with blank silane (a), 
Ce(NO3)3.6H2O (b), CeO2 nanoparticles (c), and CeO2 + Ce(NO3)3.6H2O (d) after 144 h of 
immersion in a 3.5% NaCl solution. 
 
However, the SEM results showed that the barrier properties of the films containing 
the activated nanoparticles (Figure 7.3d) were improved, likely as a consequence of the 
increased film thickness. The presence of the cerium ions also promoted the formation of 
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higher silicon content, and, therefore, more homogeneous films with better barrier properties, 
as has been confirmed by Montemor et al. [13]. 
To detect possible differences among the differently modified silane films, 144 h salt 
spray tests were performed (Figure 7.4). At the initial stages of exposure, all coatings showed 
the sacrificial dissolution of zinc in the artificially scratched area. The breakdown of the 
coating layers progressed with time; eventually the zinc coatings degraded, resulting in the 




Figure 7.4. Photographs of the HDG steel samples coated with blank silane (a), Ce(NO3)3.6H2O (b), 
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For the blank silane-coated substrate, delamination increased rapidly during salt spray 
exposure. The modified silane coatings still showed increased delamination during exposure, 
but at markedly reduced rates. For example, the silane coating filled with activated CeO2 
nanoparticles suffered comparatively little delamination after exposure for 144 h, indicating 
its stability and barrier properties. 
EIS spectra of the coated galvanized steel substrates show that the non-modified-
silane-coated sample (Figure 7.5a) exhibited lower impedance than that with the Ce(NO3)3-
modified coating (Figure 7.5c). Furthermore, in the presence of cerium nitrate, total 
impedance remained approximately constant for the duration of the 144 h test in a 3.5 % NaCl 
solution. This was due to both the better barrier properties and the corrosion inhibition 
abilities [27]. 
EIS Bode plots obtained for the silane coatings filled with non-activated and activated 
CeO2 nanoparticles (Figure 7.5e and g) show that total impedance was lower for the system 
containing nano-activated CeO2. The addition of cerium ions led to a significant increase in 
impedance. For example, after immersion for 24 h, the total impedance of the system 
containing activated CeO2 was more than two orders of magnitude higher than that of the 
system filled with non-activated CeO2. This finding has also been noted previously [10, 11], 
and was attributed to the likelihood of nanoparticles agglomerating and creating large defects 
in the coating, which promotes the uptake of the aggressive solution, and therefore promotes 
corrosion. The activation of the nanoparticles with cerium ions enhanced the protective 
properties of the modified silane films by increasing the thickness of the film and/or reducing 
its porosity [13]. 
The shape of the phase angle plot indicated the presence of two time constants (Figure 
7.5b, d, f, h): one attributable to a high-frequency (around 104 rad s−1) response of the silane 
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film and one to a low-frequency (around 10-1 rad s−1) response of the processes occurring 
between the metal oxide over the substrate and electrolyte. 
A more detailed interpretation of the EIS results can be made by numerical fitting, 
using the equivalent circuit depicted in Figure 7.6. In this equivalent circuit, constant phase 
elements were used instead of pure capacitors, because of the non-ideal character of the 
corresponding response with phase shifts differing from –90°. 
The true capacitances can be calculated from the respective CPE parameters, as 
described in chapter 2, section 2.7.4. Thus, for the equivalent circuit shown in Figure 7.6, Rs 
is the resistance of the electrolyte; CPEcoat (0.61 < ncoat < 0.76) and Rcoat represent the 
capacitance and resistance of the hybrid coating, respectively; CPEoxide (0.68 < ncoat < 0.98) 
and Roxide represent the capacitance and resistance of the metal oxide layer over the metal 
surface, respectively. The variation of the fitted parameters (resistances and capacitances) 
with immersion time using the equivalent circuits of figure 7.6 is shown in figure 7.7 and 7.8. 
Values are shown with the errors from the numerical fitting (10-4 < Chi-squared < 10-2). 
Figure 7.7 shows the evolution of the resistance and capacitance of the coatings during 
immersion in a 3.5 % NaCl solution. The high-frequency resistance values (Figure 7.7a) 
generally decreased during the first hours of immersion owing to the development of 
conductive pathways inside the blank silane film [35]. During early immersion, the highest 
resistance was shown by the coating modified with Ce(NO3)3, whose resistance then dropped 
sharply after a few hours. The high-frequency resistance of the coating with non-activated 
CeO2 nanoparticles reached a maximum, and then started to decrease. The initial increase of 
the high-frequency resistance in the last two systems was attributed to swelling of the matrix 
and the consequent closing of nano/micro pores [36]. 
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Figure 7.5. EIS Bode modulus (a, c, e, g) and phase angle (b, d, f, h) plots obtained on the HDG steel 
samples pre-treated with the blank silane coating (a, b), Ce(NO3)3.6H2O (c, d), CeO2 
nanoparticles (e, f), and CeO2 + Ce(NO3)3.6H2O (g, h) during 144 h of immersion in a 3.5% 
NaCl solution. 






Figure 7.6. Equivalent circuit used for the numerical fitting of the EIS data during immersion in a 
3.5% NaCl solution. 
 
The high-frequency resistance of the system filled with activated CeO2 nanoparticles 
increased more gradually. The initial EIS response was nearly capacitive over the entire 
frequency range, and the resistance remained above 233 Ω cm2. Its continued slow increase 
over the 144 h test led to a significant overall increase. Compared with the blank silane film, 
the modified silane films showed significantly improved barrier properties. 
The evolution of capacitance during the immersion test is shown in figure 7.7b. 
Coating filled with activated CeO2 nanoparticles showed the lowest capacitance of the four 
considered systems, and it was the thickest of the coatings. Its capacitance remained relatively 
consistent during the immersion, with only a small increase after 96 h, which was associated 
with the uptake of electrolyte [11, 36]. In contrast, the blank silane film showed significantly 
increased film capacitance after 96 h of immersion. This was due to water uptake, which was 
facilitated by the reduced barrier properties of the film [11]. 
The evolution of the high-frequency fitting parameters indicated that the addition of 
nanoparticles reinforced the barrier properties of the film. The addition of cerium to the 
nanoparticles markedly influenced the capacitance and resistance of the coatings, and the 
systems filled with cerium-activated CeO2 nanoparticles showed the best protection. These 
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coatings filled with CeO2 nanoparticles [36], and those of Montemor et al. regarding 
galvanized steel with silane coatings doped with Ce salt-activated nanoparticles [11]. 
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Figure 7.7. Evolution of the coating resistance (a), and coating capacitance (b), during immersion in a 
3.5% NaCl solution. Values were obtained by numerical fitting, using the equivalent circuit depicted 
in figure 7.6. 
 
The evolution of the fitting parameters associated with the low-frequency behavior of 
the EIS spectra (Figure 7.8) gives information on the electrochemical activity at the silane–
zinc interface. For the system pre-treated with the blank silane coating, the initial CPE values 
(Figure 7.8a) were of the order of 0.0187 F cm−2. During 96 h of immersion, CPE values 
increased and then stabilized at approximately 0.1402 F cm−2. This agreed with the evolution 
of the low-frequency resistance (Figure 7.8b) of the blank silane film, which gradually 
decreased during this period, from 39.81 Ω cm2 to 20.24 Ω cm2, before stabilizing at 
approximately 34.42 Ω cm2. 
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The systems modified with CeO2 behaved distinctly. In the absence of cerium ions, 
after 96 h, the CeO2-filled system showed CPE values of approximately 0.0438 F cm−2; its 
resistance increased from 92.54 Ω cm2 during the first hour of immersion to approximately 
166.20 Ω cm2. After 144 h, CPE and resistance had increased slightly to 0.0129 F cm−2 and 
106.60 Ω cm2, respectively. The activation with cerium ions had significant effects on both 
the low-frequency CPE and the resistance. During immersion for 96 h, the CPE values of 
sample filled with activated CeO2 nanoparticles were below 9.7601×10–3 F cm−2, and the 
resistances increased to over 318.80 Ω cm2. Resistance gradually decreased during the 
immersion test. Resistance and CPE eventually approached the values shown by the silane 
coating modified with Ce(NO3)3. The low-frequency resistance increased during immersion, 
indicating that cerium oxide/hydroxide was stably formed with the release of Ce(NO3)3 from 
the sol–gel matrix [37]. The low-frequency resistance reached close to 170.62 Ω cm2 after 144 
h, indicating the continuous accumulation of cerium oxide/hydroxide during immersion. In 
addition, the CPE increased gradually to approximately 0.0301 F cm−2 after 144 h, four orders 
of magnitude lower than the value measured for the blank silane coating, suggesting that the 
inhibition products had filled the originally electrolyte-saturated pores at the coating–substrate 
interface [37]. 
In some cases, the low-frequency resistance increased after a few hours, accompanied 
by a decrease in CPE. Because corrosion was localized, the precipitation of the insoluble and 
passive corrosion products likely occurred at these locations, decreasing the corrosion activity 
at the interface [11]. In fact, the most pronounced changes were observed for the blank silane 
film, which presented the poorest barrier properties and was therefore the most prone to early 
corrosion attack, as was observed by Montemor et al. [11]. 

























































Figure 7.8. Evolution of the metal oxide layer capacitance (a) and resistance (b) during immersion in a 
3.5% NaCl solution. Values were obtained by numerical fitting using the equivalent circuit 
depicted in figure 7.6. 
 
Polarization curves were recorded after 1 h of immersion in the electrolyte (Figure 
7.9). Parameters (icorr and Ecorr) derived from the curves (Table 7.1) indicate the different 
effects of the cerium modification on the silane coatings. The shifting of the cathodic 
polarization curves to lower current densities indicates the enhanced protection at the cathodic 
sites offered by coating  containing activated CeO2. The corrosion potential of sample 
containing activated CeO2 nanoparticles (−0.934 V) is indicative of its notably greater 
corrosion resistance when compared with blank silane coating (−0.974 V), Cerium nitrate 
modified coating (−0.959 V), and coating containing non-activated CeO2 (−0.987 V). 
The poor performance displayed by blank silane coatings and coating containing non 
activated CeO2 may have been attributable to permeability associated with cracks or porosity, 
which allowed the aggressive electrolyte to come into contact with the metal surface, thus 
initiating corrosion [35]. These results are consistent with the SEM micrographs, which show 
cracks and delamination in these coatings after immersion for 144 h in 3.5% NaCl solution 
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(Figure 7.3). Similar behavior has been reported by Montemor et al. [11] for galvanized steel 
substrates in 0.005 M NaCl solution. 
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Figure 7.9. Potentiodynamic polarization curves for the HDG steel samples coated with blank silane, 
Ce(NO3)3.6H2O, CeO2 nanoparticles, and CeO2 + Ce(NO3)3.6H2O, obtained after 1 h of 
immersion in a 3.5% NaCl solution. For comparative purposes, the inset shows a plot in which 
the potential is depicted as the difference between the imposed potential and the corrosion 
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Table 7.1. Summary of the electrochemical parameters obtained from the polarization, measured in a 
3.5% NaCl solution. 
Sample Ecorr (V) icorr (A cm-2) bc (V/dec) ba (V/dec) Passive area (V) 
Blank silane -0.974 3.577 × 10-5 0.06 0.093 -0.792 to -0.241 
Ce(NO3)3 -0.959 3.224 × 10-6 0.022 0.022 -0.832 to -0.320 
CeO2 -0.987 4.904 × 10-6 0.031 0.026 -0.677 to -0.262 
CeO2 + Ce(NO3)3 -0.934 1.116 × 10-6 0.015 0.012 -0.809 to -0.327 
 
7.4. Conclusion 
Pre-treatments of hot dip-galvanized steel based on the use of 3-
glycidoxypropyltrimethoxysilane (GPTMS) and bisphenol A (BPA) filled with activated 
CeO2 nanoparticles revealed the formation of a comparatively smooth nanostructured surface, 
with low heterogeneity in the coating thickness. Microscopic observations also confirmed that 
the complete surface morphology of the silane coating filled with activated CeO2 
nanoparticles was maintained after short-term corrosion tests (144 h immersion in 3.5% NaCl 
solution). These coatings resisted the salt spray exposure for 144 h, with reduced corrosion 
near an artificial scratch, and uniform corrosion otherwise, which contrasted with the blank 
silane coating. 
Upon the addition of activated CeO2 nanoparticles as a dopant, the silane coating 
showed improved barrier properties and coating resistance, and a decrease in coating 
capacitance. The incorporation of activated CeO2 nanoparticles reduced the cathodic current 
density by two orders of magnitude, and shifted the voltage to more positive values 
(compared with the blank silane-coated substrate) during polarization in a 3.5% NaCl 
solution.  
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Effects of ceria nanoparticle concentration on the morphology and 
corrosion resistance of ceriumsilane hybrid coatings on electro-galvanized 
steel substrates 1 
 
8.1. Introduction 
Electroplated zinc coatings are employed as active galvanic protection for steel. 
However, zinc is highly reactive, and high corrosion rates of this coating are observed when 
exposed, both indoors and out. Therefore, a post-treatment is required to increase the lifetime 
of zinc coatings [1]. In current industrial practice, particularly in the automotive industry, this 
                                                             
1 Reprinted from Materials Chemistry and Physics, Volume 145, Roohangiz Zandi Zand, Kim Verbeken, 
Victoria Flexer and Annemie Adriaens, Effects of ceria nanoparticle concentrations on the morphology and 
corrosion resistance of ceriumsilane hybrid coatings on electrogalvanized steel substrates, 450-460, Copyright 
(2014), with permission from Elsevier. 
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treatment consists of immersion in a chemical bath containing hexavalent chromium salts, 
forming an anti-corrosive layer over plated zinc. However, this type of anti-corrosive system 
presents a serious drawback due to the high toxicity of hexavalent chromium salts [2]. As a 
consequence, the European Community decided to ban the use of Cr(VI) in the car industry 
from July 1st 2007 on, to avoid environmental contamination either during the processing, use 
or recycling of coated sheets [3]. 
The need to replace the chromate-based surface treatments promoted the investigation 
of several classes of new pre-treatment systems. Among these, pre-treatments based on 
organosilanes attracted considerable interest, as they provide the formation of a thin organic 
coating that confers surface functionalisation [4, 5]. The silane pre-treatment creates a dense, 
oxygen-rich coating that generates a protective physical barrier [5]. The major drawback of 
silane pre-treatments is their inert character with respect to corrosion. The silane coating alone 
does not provide any active protection when aggressive species reach the metallic surface and 
initiate corrosion [4, 6, 7]. 
To overcome this limitation, a new challenge is to modify the bulk properties of silane 
coatings by adding “active” anti-corrosion species. These modifications should further 
improve the corrosion resistance of the layer, or introduce a self-healing capability in the 
silane coating [4, 8, 9]. 
Among the most effective anti-corrosion species, rare-earth salts offer good corrosion 
inhibition properties in addition to environmental friendliness [10]. Cerium nitrate has been 
successfully tested for corrosion protection of galvanized steel substrates, either as a 
conversion film [11-13] or as a corrosion inhibitor through addition to the silane formulation 
[10, 14-16]. The results revealed improved corrosion protection of galvanized steel substrates. 
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Another approach to improve the corrosion protection of silane coatings is based on 
the addition of oxide nanoparticles. Van Ooij et al. [17] reported that bis-sulfur silane films 
could be thickened and strengthened by loading them with silica particles. However, when the 
bis-sulfur silane film was heavily modified with silica, it tended to form a porous film, which 
promoted electrolyte intrusion and premature film delamination. 
Montemor et al. [8, 18] reported a new approach, consisting of the modification of bis 
{triethoxysilylpropyl} tetrasulfide silane (BTESPT) with nanoparticles, such as CeO2, SiO2 or 
CeO2-ZrO2. In some cases, to obtain a synergistic effect and improved corrosion resistance, 
the nanoparticles were initially activated with cerium nitrate. Results demonstrated that the 
ceria nanoparticles are a very effective filler, leading to both improved barrier properties of 
the silane coatings and improved corrosion resistance. Furthermore, the protective behavior 
depends on the concentration of nanoparticles, and the activation of the nanoparticles with 
cerium ions leads to the formation of thicker and more protective silane films. 
A number of studies have examined the effect of cerium nitrate concentration on the 
properties of coatings [6, 14, 19, 20]. However, information concerning the influence of the 
CeO2 nanoparticle concentration on the morphology, microstructure, and anti-corrosion 
performance is still limited in the literature, and hence requires further investigation. 
Previous work (chapter 7) has reported and discussed the anti-corrosion behavior of 3–
glycidoxypropyltrimethoxy silane (GPTMS) modified with CeO2 nanoparticles. The 
nanoparticles were activated with cerium nitrate to improve the corrosion resistance of the 
galvanized steel substrates. Based on the corrosion test results, the effect of the nanoparticles 
on the barrier properties of the silane films immersed in NaCl solution are ranked as follows: 
CeO2+Ce(NO3)3 > Ce (NO3)3 > CeO2 > blank silane film. These results demonstrate that the 
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cerium activated nanoparticles strongly improve the barrier properties of the silane coatings, 
and present a better anti-corrosion performance when compared with other coatings.  
The objective of this work was to investigate the effect of the CeO2 nanoparticle 
concentration on the morphology, microstructure, and anti-corrosion performance of the 
silane coatings modified with activated CeO2 nanoparticles on an electro-galvanized steel 
substrate.  
8.2. Sample preparation 
Ceria nanoparticles (10 wt% in water, particle size < 25 nm, Sigma Aldrich, St. Louis, 
USA) were activated by ultrasonic dispersion in an aqueous solution of cerium nitrate (Fluka, 
Buchs, Switzerland). Three sets of aqueous solutions with different molar ratios of 
CeO2/Ce(NO3)3 were prepared, which were then used to prepare the silane solutions marked 
as (A), (B), and (C) (Table 8.1). 
The silane solution was prepared by adding 4.084 mL of 3–glycidoxypropyl-
trimethoxy silane or GPTMS (Merck, New Jersey, USA) to 0.5 mL of HCl-acidified water 
(pH = 2) (H2O/Si mole ratio = 0.5 [21]). The solution was placed in a sealed beaker and 
stirred at room temperature for 20 min at a rate of 240 rpm to hydrolyze and condensate the 
silane precursors. The aqueous dispersion of ceria nanoparticles was added at the end of this 
synthesis step, followed by stirring for 10 min. The total Ce/Si mole ratio was 0.05 [14]. In 
the next step, 2.111 g of bisphenol A (BPA) (Merck) was added to the solution as a cross-
linking agent (BPA/Si mole ratio = 0.5). The latter has been shown to realize a significant 
effect on the morphology and improvement of the corrosion resistance of coatings [22]. The 
BPA was dissolved by mixing the solution for 80 minutes. To accelerate the condensation 
reaction, 0.0152 mL of 1–methylimidazol (MI) (Merck) (MI/Si mole ratio = 0.01) was added 
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to the solution, which was followed by stirring for 5 min. The result was a clear, colorless, 
homogenous solution.  
The metallic substrate consisted of electro-galvanized steel coupons (1.13 cm2 area 
and 0.1 cm thickness for the AFM, SEM, and electrochemical tests) and plates (7 × 15 × 0.1 
cm for the salt spray tests). The zinc coating had a weight of approximately 112 g/m2, and a 
thickness of approximately 8 µm. The galvanized steel specimens were degreased using an 
alkaline cleaner. After cleaning, the substrates were washed with distilled water, dried in air, 
and immersed in the silane solution for 60 s. The coated specimens were dried at room 
temperature for 24 h, and subsequently submitted to a 25–130°C curing process with a 
heating rate of 7.5 °C/min for 90 minutes, to initiate extensive cross-linking in the hybrid 
films [23]. The coating thickness was measured by eddy-current method (Check line 3000 
pro, Germany).  
 
Table 8.1. Molar ratio (mol%) of CeO2 nanoparticles and cerium nitrate in the aqueous dispersion of 
activated ceria nanoparticles. 
Set 
Molar ratio (mol%) 
CeO2 Nanoparticles  Ce (NO3)3.6H2O  
A 0.0375 0.0125 
B 0.0250 0.0250 
C 0.0125 0.0375 
 
8.3. Results and discussion 
The surface morphology of the doped silane coatings was assessed by AFM. Figure 
8.1 shows the morphology and evolution of the surface roughness of the doped silane coatings 
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before immersion in 3.5 % NaCl solution. The AFM scans reveal the formation of crack and 










Figure 8.1. AFM top-view (a, c, e) and topographic images (b, d, f) of electro-galvanized steel 
samples coated with A (a, b), B (c, d), and C (e, f) Ce-modified silane coatings, prior to 
immersion in a 3.5 % NaCl solution. 
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However, the surface of the coatings are slightly less uniform, and contain some 
particles and heterogeneities. The single nanoparticles cannot be clearly seen in the 
topography images (b, d, f), however, the top view images (a, c, e) show the presence of 
agglomerates and very small nanoparticles. These nanoparticles appear to be 50–100 nm in 
diameter. The size difference between the known dimensions of the added nanoparticles and 
the values measured by AFM can be explained by the presence of a silane layer on the top of 
the nanoparticles. Thus, AFM measures the convexity of the surface caused by the underlying 
nanoparticles [4, 24]. 
As well as single nanoparticles, some agglomerates (ranging from 150 to 400 nm) are 
visible on the topography maps, and these likely resulted from the agglomeration of smaller 
nanoparticles on the surface [15, 24]. This observation is consistent with the findings of 
Montemor et al. [25] and Phanasgaonkar et al. [24] in the AFM scans of microsilica-modified 
silane coatings. The root mean square (RMS) surface roughness of the topographic images is 
3.570, 2.776, and 3.224 nm for the (A), (B), and (C) coatings, respectively. The differences in 
roughness are caused by the addition of the different contents of nanoparticulate oxide to the 
silane solution during synthesis. 
After immersion in the 3.5 % NaCl solution, the morphology of the coatings changed. 
The AFM scans reveal that the outer layers of the coatings were released during immersion in 
the aggressive solution. This release changed the morphology of outer surfaces, which 
became closer to that of an oxide film. After 456 h of immersion (Figure 8.2), coating (C) still 
presents an oxide type structure; however, coatings (A) and (B) show signs of corrosion. The 
oxide type layer on coating (C) constitutes a protective silicon oxide rich-barrier where 
cerium ions are entrapped. As soon as the corrosion process is initiated, the cerium ions, 
either Ce4+ or Ce3+, can precipitate, hindering the corrosion process. The presence of Ce4+ has 
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also been reported in the literature [26], and it is suggested that this ion results from oxidation 
of Ce3+ in the presence of H2O2 that is formed in an intermediate step of the reduction of 
oxygen. 
The secondary electron images depicted in figure 8.3 show the microstructural 
features of the different surface coatings before and after immersion in 3.5 % NaCl solution. 
The micrographs reveal the presence of some important features on the different coatings. 
Figures 8.3a and c show the (A) and (B) silane coating surfaces prior to immersion in a 3.5 % 
NaCl solution. The coatings reveal the presence of a few micro- and nano-sized holes in the 
coatings, which may have contributed to the early deterioration of the coatings observed in the 
AFM scans after immersion. The occurrence of such coating defects is undesirable, since they 
may serve as initiators for pit corrosion through reduced coating thickness and/or as the 
initiation sites of fatigue cracks. In the case of coating (C), the uniform coating appeared to be 
free of defects and cracks. However, several white agglomerates appeared in the coating 
matrix, which, in accordance with our previous EDX results [15], are silicon rich (Figure 
8.3e). It is likely that these features were clusters of nanoparticles that formed in the 
outermost layers of the silane film [20, 27].  
After 456 h of immersion, the surface of the coatings reveals the presence of zinc 
corrosion products. The density of these corrosion products is higher on coatings (A) and (B) 
(Figures 8.3b and d). Furthermore, the structure of the substrate is most deteriorated when 
treated with coating (A). In the case of coatings (B) and (C) (Figures 8.3d and f), the surface 
has non-attacked areas and the corrosion products are likely to have grown through defects on 
the surface films.  
 













Figure 8.2. AFM top-view (a, c, e) and topographic images (b, d, f) of electro-galvanized steel 
samples coated with A (a, b), B (c, d), and C (e, f) Ce-modified silane coatings, after 456 
h immersion in a 3.5 % NaCl solution. 











Figure 8.3. Secondary electron micrographs of the electro-galvanized steel samples coated with 
silane coatings A (a, b), B (c, d), and C (e, f) before (a, c, e) and after (b, d, f) 456 h of 
immersion in a 3.5 % NaCl solution. 
 ↔  
3.12 µm 
 ↔  
0.625 µm 
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The microscopic results account for the greater durability of the silane coating doped 
with lower contents of activated CeO2 nanoparticles (coating C). The addition of small 
amounts of activated nanoparticles to the silane solution improves the protective properties of 
the coating, making it more resistant to deterioration under immersion in NaCl solutions. The 
SEM and AFM results confirm that coating (C) is less prone to corrosive attack. 
An evaluation of different formulations of CeO2/Ce(NO3)3 silane solutions was 
performed to investigate the dependence of corrosion resistance on the composition of the 
silane-based layer. To achieve this, samples coated with various silane solutions were exposed 
to salt spray to compare the relative corrosion performance of different coatings. This allows 
to define the optimum CeO2/Ce(NO3)3 formulation in terms of corrosion resistance. Figure 
8.4 summarizes the results obtained after 192 and 288 h of exposure. 
The results show that the corrosion resistance strongly depends on the composition of 
the silane coating. After 192 h of exposure, all coatings showed delamination, in addition to 
the sacrificial dissolution of zinc around the scratched area (Figures 8.4a–c). However, upon 
decreasing the ceria nanoparticle versus cerium nitrate ratio, the degree of delamination was 
significantly reduced. For example, near the artificial scratch, the delamination is not 
pronounced for the silane coating containing the lowest fraction of ceria nanoparticles 
(coating C) (Figure 8.4c).  
As the salt spray analysis progressed, the breakdown of the coating layers in (A) and 
(B) (average coating thickness: 56 ± 10 and 52 ± 12 μm, respectively) progressed, and this 
was followed by degradation of the zinc coatings, resulting in the formation of white rust 
(Figures 8.4d–f) [28]. For silane coating (C) (average coating thickness: 61 ± 12 µm), 
comparatively little delamination was observed after exposure to the neutral salt spray for 288 
h (Figure 8.4f). This indicates the stable nature and barrier protection characteristics of the 
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coating. In addition, the limited delamination in the presence of the lowest concentration of 
ceria nanoparticles suggests the presence of a corrosion-inhibiting species. 
(a) (b) (c) 
   
(d) (e) (f) 
  
 
Figure 8.4. Photographs of electro-galvanized steel samples coated with silane coatings A (a, d), B (b, 
e), and C (c, f), after 192 h (a, b, c) and 288 h (d, e, f) of salt spray exposure. 
20 mm 
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Figure 8.5 depicts the electrochemical impedance results obtained from the silane 
films filled with different CeO2/Ce(NO3)3 molar ratios during 456 h of immersion in a 3.5 % 
NaCl solution. The low-frequency impedance values depend upon the concentration of 
nanoparticles. During the first hours of immersion, for silane films (B) and (C), the low-
frequency resistance values (LF) are similar (706.317 and 644.693 Ω.cm2, respectively), but 
there is a distinct drop, of around four orders of magnitude, for silane film (A). After 24 h of 
immersion, a drop in the LF impedance values is observed for all coatings, which can be 
associated with water uptake through the pores, and/or defects in the coatings [29]. However, 
after 72 h of immersion, impedance values at LF show a pronounced increase. With further 
increase of immersion time, a small drop in the LF impedance values is observed. 
This increase in impedance value can be attributed to the self-healing effect of cerium 
on the corrosion spots [30]. This effect can originate from the release of cerium near the 
coating defects. Subsequently, cerium produces insoluble hydroxides by its reaction with 
hydroxyl groups from cathodic reactions [22]. These hydroxides, together with corrosion 
products, decrease the cathodic current and consequently reduce the overall corrosion rate. 
The results show that the impedance values were higher for silane film (C), which 
contained the lowest concentration of CeO2 nanoparticles. Furthermore, for this coating, the 
impedance values at LF remained approximately constant during the 456 h in 3.5 % NaCl 
solution. The EIS results suggest that the concentration of nanoparticles has an important 
influence on the barrier properties of the silane films. The films with lower concentrations 
show better barrier properties. This trend has been recognized in the literature [8, 18], and has 
been attributed to the fact that nanoparticles are likely to agglomerate and to create large 
defects in the coating, thereby promoting the uptake of the aggressive solution and resulting in 
corrosion. 
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The shape of the phase angle plot indicates the presence of two time constants 
(Figures 8.5b, d, f), which were attributed to the response of the silane film (high-frequency 
time constant, around 104 rad s−1) and the response of the processes occurring between the 
metal oxide layer over the substrate and electrolyte (low-frequency time constant, around 10-1 
rad s−1). 
A more detailed interpretation of the EIS results can be made by numerical fitting, 
using the equivalent circuit depicted in figure 8.6. In this equivalent circuit, constant phase 
elements (CPE) were used instead of pure capacitors, because of the non-ideal character of the 
corresponding response with phase shifts differing from –90°. The true capacitances can be 
calculated from the respective CPE parameters, as described in chapter 2, section 2.7.4. 
Electrical Circuit Elements. Thus, for the equivalent circuit shown in figure 8.6, Rs is the 
resistance of the electrolyte; CPEcoat (0.68 < ncoat < 0.82) and Rcoat represent the capacitance 
and resistance of the hybrid coating, respectively; CPEoxide (0.64 < ncoat < 0.92) and Roxide 
represent the capacitance and resistance of the metal oxide layer over the metal surface , 
respectively. The variation of the fitted parameters (resistances and capacitances) with 
immersion time using the equivalent circuits of figure 8.6 is shown in figure 8.7 and 8.8. 
Values are shown with the errors from the numerical fitting (10-4 < Chi-squared < 10-2). 
Figure 8.7 shows the evolution of the coating properties (i.e., the resistance and 
capacitance) as a function of immersion time. The silane coating (C) that contains the smallest 
amount of ceria nanoparticles has the lowest capacitance of the three systems examined over 
the 456 h of immersion, demonstrating the greatest thickness of this coating (Figure 8.7a). In 
addition, during immersion, the capacitance yields relatively consistent values, with only a 
small increase after 24 h of immersion, associated with electrolyte uptake [8, 31, 32]. 
 
Effects of ceria nanoparticle concentration 
197 
 
log frequency / Hz


























 log frequency / Hz



























log frequency / Hz



























 log frequency / Hz



























log frequency / Hz



























 log frequency / Hz

























Figure 8.5. FEIS Bode graphs for impedance modulus (log|Z|: a, c, e) and phase angle (-: b, d, f) 
obtained for electro-galvanized steel samples pre-treated with silane coatings A (a, b), B 
(c, d), and C (e, f), during 0 h to 456 h of immersion in a 3.5% NaCl solution (immersion 
times as specified in each figure legend). 
 
 






Figure 8.6. Equivalent circuit used for the numerical fitting of the EIS data obtained during 
immersion in a 3.5% NaCl solution. 
 
The addition of ceria amount influences markedly the capacitance of the coatings.  
The capacitance data point at 456 hours of immersion shows to be twice as high for coating 
(B) in comparison to coating (C). The increased capacitance of the layer originates from the 
reduced thickness of the doped film. The capacitance of the coating is further increased in 
coating (A). During immersion of this specimen, a significant increase of film capacitance is 
observed, as a result of water uptake due to the reduced barrier properties of the film [31, 32]. 
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Figure 8.7. Evolution of the coating capacitance (a) and coating resistance (b) during immersion in a 
3.5 % NaCl solution. Values were obtained by numerical fitting, using the equivalent circuit 
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The evolution of the coating resistance, which is a fundamental characteristic of the 
barrier properties of a protective layer, is shown in figure 8.7b. At the commencement of 
immersion, the highest resistance is observed for coating (B), which is one order of magnitude 
higher than that of coatings (A) and (C). A significant decrease of the coating resistance 
occurs over the first 24 h of immersion, due to the development of conductive pathways 
inside the silane films [5, 9, 32]. Subsequently, the coating resistance remains almost constant 
in coating (C) over immersion for 456 h, reflecting the stability of the coating and good 
barrier properties. In contrast, for coatings (A) and (B), the high-frequency resistance passes 
through a maximum, and then starts to decrease. The initial increase of the high-frequency 
resistance values in the latter systems was attributed to swelling of the matrix and the 
consequent closing of nano/micro pores [31]. 
Thus, analysis of the resistance and capacitance evolution of the silane films shows a 
very important drop of the barrier properties when higher concentrations of ceria 
nanoparticles are introduced to the silane matrix. Even the uniform distribution and the 
absence of particle agglomeration do not protect against the increased water uptake and the 
decreased coating resistance. Therefore, the introduction of a large amount of ceria is likely to 
result in shrinkage of the hybrid matrix. These results are in agreement with the work of 
Schem et al. on aluminum alloys with a silane coating filled with CeO2 nanoparticles [31]. 
The concentration of ceria nanoparticles also affects the parameter characteristics of 
the corrosion process that are associated with the development of a time constant in the low-
frequency range of the EIS spectra. Figure 8.8 shows the temporal evolution of the metal 
oxide layer resistance (Roxide) and capacitance (CPEoxide) values during immersion. Upon 
arrival of the electrolyte at the substrate, the Roxide and CPEoxide are associated with both the 
zinc oxide layer and cerium oxide/hydroxide, due to the inhibition reaction. Thus, higher 
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Roxide values indicate a corrosion-resistant oxide/hydroxide layer due to the reaction of cerium 
salts with the metal oxide layer over the substrate. With the breakdown of this protective layer 
due to attack by aggressive species, the Roxide values decreased with time [31, 33]. 
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Figure 8.8. Evolution of the metal oxide layer capacitance (a) and resistance (b) during immersion in a 
3.5% NaCl solution. Values were obtained by numerical fitting using the equivalent circuit 
depicted in figure 8.6. 
 
In the case of silane coating (C), the capacitance (Figure 8.8a) reveals relatively stable 
values during immersion that correspond well with the thickness of the film. In contrast, the 
low-frequency resistance of the films (Figure 8.8b) showed a small drop during the first hours 
of immersion, and a recovery after 72 h of immersion. As the immersion time elapsed, there 
was a gradual decrease in resistance. 
The silane coatings (A) and (B) showed some fluctuations in both the CPE values and 
the low-frequency resistance. For silane coating (B), the initial CPE values were on the order 
of 0.135 Fcm−2, and, during the first day of immersion, the CPE values decreased by around 
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two orders of magnitude and stabilized at around 0.0579 Fcm−2. This drop also occurred for 
silane coating (A), from 1.28 × 10–5 to 8.80 × 10–6 Fcm−2, and it stabilized at around 0.0472 
Fcm−2. These values agree with the evolution of the low-frequency resistance of the film, 
which showed a rapid drop during the first hours of immersion, from 731.6 to 115 Ω cm2 in 
silane coating (B), and then a recovery after 72 h of immersion, followed by a gradual 
decrease and stabilization around 114.9 Ω cm2. For silane coating (A), the low-frequency 
resistance of the films revealed a gradual decrease during the 72 h of immersion, followed by 
an increase in the resistance and stabilization at around 150.5 Ω cm2. 
In some cases, the evolution of the low-frequency resistance showed an increase after 
a few hours, accompanied by a decrease in the CPE. Since the corrosion activity occurred in 
localized areas, it is likely that the precipitation of the insoluble and passive corrosion 
products occurred at these locations, thereby decreasing the corrosion activity at the interface 
[9]. In fact, the most pronounced changes were observed for the silane coating doped with the 
highest amount of ceria nanoparticles (coating A), which presented the poorest barrier 
properties and was therefore most prone to early corrosion attack, as also observed by Schem 
et al. [31], who reported that an increase in nanoparticle loading hinders the barrier properties, 
resulting in a decrease in the low-frequency resistance of the silane film. 
Potentiodynamic polarization scans of specimens, which were recorded after 1 h of 
immersion in the electrolyte, are presented in figure 8.9. The corrosion current density (icorr) 
and corrosion potential (Ecorr) were determined using Tafel extrapolation [20, 34]. The 
relevant parameters (Table 8.2) indicate the different effects of the ceria nanoparticle 
concentration on icorr and Ecorr of the silane coatings. 
 






















































Figure 8.9. Potentiodynamic polarization curves for electro-galvanized steel samples coated with 
silane coatings A, B, and C, obtained after 1 h of immersion in a 3.5% NaCl solution. For 
comparison, the inset shows the potential depicted as the difference between the imposed 
potential and the corrosion potential. This approach allows increased separation of the anodic 
and cathodic polarization effects. 
 
Figure 8.9 shows that cathodic polarization curves were shifted to lower current 
densities, whereas anodic polarization curves shifted to lower current densities by decreasing 
the ceria nanoparticle concentration. This suggests enhanced protection at both the cathodic 
and the anodic sites is offered by coating (C), which contains the lowest content of ceria 
nanoparticles. The corrosion potentials show a considerable shift in the noble direction for 
coating (C) (i.e., –0.923 V) compared with coating (A) (–0.950 V) and coating (B) (–0.942 
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V). The results summarized here are consistent with the crack-free surface morphology 
obtained for coating (C) before the corrosion test (Figure 8.3e). 
The poor performance displayed by coatings (A) and (B) may be due to permeability 
of the coating associated with cracks or porosity, which allowed the aggressive electrolyte to 
come into contact with the metal surface, thus initiating corrosion [24]. These results are 
consistent with the SEM micrographs, which show porous microstructure for coatings (A) and 
(B) (Figures 8.3a and b, respectively). 
 
Table 8.2. Summary of electrochemical parameters obtained from polarization, measured in a 3.5% 
NaCl solution. 
Sample Ecorr (V) icorr (A cm–2) bc (V/dec) ba (V/dec) Passive area (V) 
A –0.950 2.488 × 10–6 0.013 0.026 –0.705 to –0.288 
B –0.942 8.704 × 10–6 0.011 0.024 –0.715 to –0.282 
C –0.923 5.454 × 10–6 0.010 0.016 –0.677 to –0.307 
 
8.4. Conclusion 
Cerium-silane hybrid coatings were synthesized from organic/inorganic precursors, 
with different concentrations of incorporated cerium-activated ceria nanoparticles, and 
fabricated on treated electro-galvanized steel surfaces. The coatings had relatively uniform 
thicknesses and distributions of nanoparticles. No cracking or delamination of the coatings 
was evident. Microscopic observations explain the longer durability of the silane coating 
doped with the lowest content of activated ceria nanoparticles after short-term corrosion tests 
(456 h). This coating resisted exposure in a neutral salt spray test for 288 h without general 
 Chapter 8  
204 
 
corrosion, and showed reduced corrosion at an artificial scratch in the material compared with 
the silane coatings doped with higher contents of ceria nanoparticles. 
The EIS results suggest that the concentration of nanoparticles has an important 
impact on the barrier properties of the silane films, as lower nanoparticle content results in 
better barrier properties. Enhanced protection at both the cathodic and the anodic sites was 
offered by the coating that contained the lowest content of ceria nanoparticles. During 
polarization in a 3.5% NaCl solution, the corrosion potentials showed a considerable shift in 
the noble direction for this coating, compared with the other coatings that contained higher 
contents of nanoparticles. 
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Effect of activated ceria and zirconia nanoparticles on the protective 
behavior of silane coatings in chloride solutions 1 
 
9.1. Introduction 
Hybrid silane sol-gel coatings as an environmentally friendly materials for corrosion 
protection of metals attracted considerable interest, as they provide the formation of a thin 
organic coating that confers surface functionalization [1]. These coatings create a dense, 
oxygen-rich coating that generates a protective physical barrier [2]. However, these coatings 
are inert, and do not provide any active protection if aggressive species reach the metallic 
surface and initiate corrosion [1, 3]. Indeed, silane coatings present small pores, pinholes or 
                                                             
1 Published as full paper in International Journal Electrochemical Science, Volume 10, Roohangiz Zandi Zand, 
Victoria Flexer, Michel De Keersmaecker, Kim Verbeken, Annemie Adriaens, Effects of activated Ceria and 
Zirconia nanoparticles on the protective behaviour of silane coatings in chloride solutions, 997-1014, (2015). 
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micro cracks that facilitate electrolyte diffusion and the accumulation of aggressive species at 
the coating/substrate interface [4]. Therefore, the challenge is to modify the bulk properties of 
silane coatings by adding “active” protective species that further improve the corrosion 
resistance of the layer, or introduce self-healing capabilities [5].  
A successful approach to improve the corrosion protection of silane coatings is based 
on the addition of oxide nanoparticles. These provide improved oxidation, corrosion, erosion 
and wear resistance. Extensive research has been carried out to enhance the corrosion 
resistance of metallic substrates by using ZrO2 [1, 6-8], CeO2 [9-12], SiO2 [5, 9, 13-16], Al2O3 
[17], TiO2 [18, 19], and other mixed oxides. The amount of cracks and pores in sol-gel films 
can be decreased by incorporation of oxide nanoparticles into the hybrid matrix [6]. CeO2 and 
ZrO2, are particularly interesting due to their high corrosion, mechanical abrasion and wear 
resistance [1]. Montemor et al. [5] and Zheludkevich et al. [6] reported the modification of 
silane-based hybrid films with CeO2, ZrO2 or CeO2-ZrO2 nanoparticles. Results demonstrated 
that CeO2 nanoparticles are very effective fillers, leading to both improved barrier and 
corrosion protection properties of the silane coatings. ZrO2 nanoparticles produce an 
important enhancement of the barrier properties, and could act as a reservoir for corrosion 
inhibitors, but are otherwise inert.[1] Unfortunately, these films can no longer offer adequate 
protection if the coating is damaged due to the lack of self-healing capabilities.  
Conversely, incorporation of corrosion inhibitors into sol-gel films can enhance the 
protective ability of the coatings, suppressing the corrosion process in the defects or where the 
coating has been damaged [6]. Among the most effective protective species, rare-earth salts 
offer good corrosion inhibition properties in addition to environmental friendliness [20]. 
Cerium nitrate has been successfully tested for corrosion protection of galvanized steel 
substrates, either as a conversion film [21-23] or as a corrosion inhibitor through addition to 
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the silane formulation [20, 24-26]. However, corrosion inhibitors that are directly introduced 
into the silane formulation have difficulties to provide long-term protection of metals. In order 
to heal corrosion spots, a slow release of inhibitor would be desirable [27, 28]. This 
shortcoming calls for the development of nano-reservoirs to isolate inhibitors and prevent its 
direct interaction with the sol-gel matrix. Moreover, nanoparticle activation with cerium ions 
could reduce nanoparticle agglomeration due to stabilization of the surface charge [5]. In this 
way, the nanoparticles fix the cerium ions on their surface, distributing the inhibitor molecules 
homogenously in the bulk of the film and producing a slow release when required [6, 7].  
Despite extensive work on the study of the unique properties of either CeO2 or ZrO2 
nanoparticles, very little has been reported using a combination of both in the field of 
protective pre-treatments. Montemor et al. [1] investigated the electrochemical behaviour of 
modified silane-based hybrid films with CeO2-ZrO2 nanoparticles on galvanized steel 
substrate in diluted NaCl solution (0.005 M). Results demonstrated that CeO2-ZrO2 
nanoparticles play an active role in the corrosion protection performance when they are added 
as fillers to hybrid silane coatings. The work did not study the possibility of adding an active 
corrosion inhibitor such as cerium ions to enhance even further the protective protection. 
Additionally, a long term evaluation of corrosion inhibition of silane films modified with rare 
earth salts-oxide nanoparticles in aggressive media, including mechanisms to stress the 
coating or artificial damage to evaluate the self-healing properties, would fill an important gap 
in the field. 
The objective of this work was to investigate the effect of ceria and zirconia 
nanoparticles on protective behaviour of uninhibited and cerium inhibited silane hybrid 
coatings in aggressive media (3.5% and 5% NaCl, as opposed to 0.005M NaCl for the 
uninhibited CeO2-ZrO2 coatings mentioned above [1]).  
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9.2. Sample preparation 
Ceria and zirconia nanoparticles (10 wt% in water, particle size < 25 nm and < 100 nm 
respectively, Sigma Aldrich) were activated by ultrasonic dispersion in an aqueous solution of 
Ce(NO3)3 (Fluka). Four sets of aqueous solutions were prepared. Set D contained CeO2 and 
ZrO2 nanoparticles, and Ce(NO3)3, while sets A, B and C where prepared with only two of the 
components (see Table 9.1).  
The silane solution was prepared by adding 4.084 mL of 3–glycidoxypropyl-
trimethoxy silane (GPTMS, Merck) to 0.5 mL aqueous HCl (pH = 2), and stirred in a sealed 
beaker at room temperature for 20 min at 240 RPM to hydrolyze and condense the silane 
precursors. Next, the aqueous dispersion of nanoparticles was added and stirred for 10 min. 
For all samples the total Ce+Zr/Si mole ratio was 0.05. In the next step, 2.111 g of bisphenol 
A (BPA, Merck) was added to the solution as a cross-linking agent. The BPA was dissolved 
by mixing the solution for 80 minutes. To accelerate the condensation reaction, 0.0152 mL of 
1–methylimidazol (MI, Merck) was added to the solution and stirred for 5 min. A clear, 
colourless, homogenous solution resulted [29, 30].  
Electro-galvanized steel samples (Arcelor Mittal, Gent, Belgium) consisted of coupons 
(1.13 cm2 area and 0.1 cm thickness, for the AFM and electrochemical tests), and plates (7 × 
15 × 0.1 cm, and, for the salt spray tests). The zinc coating had a weight of 112 g/m2, and a 
thickness of 8 µm. The galvanized steel specimens were degreased using an alkaline cleaner, 
washed with distilled water, dried in air, and immersed in the silane solution for 60 s. The 
coated specimens were dried at room temperature for 24 h, and subsequently submitted to a 
25–130°C curing process with a heating rate of 7.5 °C/min for 90 minutes, to initiate 
extensive cross-linking in the hybrid films [30].  
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Table 9.1. Composition and thickness of the coatings. 
Set 
Molar ratio (mol %) Coating thickness 
(µm) CeO2 /Si ZrO2 /Si Ce (NO3)3 /Si 
A (SHC- ZrO2 + Ce(NO3)3 ) - 0.0125 0.0375 61 + 10 
B (SHC- CeO2 + Ce(NO3)3 ) 0.0125 - 0.0375 62 + 12 
C (SHC- ZrO2 - CeO2) 0.0250 0.0250 - 67 + 15 
D (SHC- ZrO2- CeO2+ Ce(NO3)3 ) 0.0125 0.0125 0.0250 75 + 13 
 
9.3. Results  
The coating thickness values are shown in Table 9.1. All films showed similar 
thickness values. The mean thickness values show a slight increase in going from coating A to 
D. However, the error in thickness measurements is in the same order as the thickness 
variation between different films (15-22%). Therefore, it is dubious to ascribe differences in 
protective behaviour to this variable. 
The general surface morphology and the nanoparticle distribution in the different 
modified silane films can be observed in figure 9.1. For coatings B and D, the surface 
morphology was very uniform with absence of defects or cracks. In coating D, the 
nanoparticles are about 20 – 50 nm in diameter and uniformly distributed in the matrix when 
compared with the other samples (A, B, and C). Very few brighter spots (100-200 nm in 
diameter) are visible, which could either be ZrO2 nanoparticles in the upper size limit (the 
manufacturer only informs the upper size limit, but no size distribution); or agglomerates of 
smaller nanoparticles on the surface [19, 30]. The size difference between the known 
dimensions of the added nanoparticles and the values measured by AFM can be explained by 
the presence of a silane layer on top of the nanoparticles. Thus, AFM measures the convexity 
of the surface caused by the underlying nanoparticles [6, 19] 
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For coating B, the AFM images show the presence of both agglomerates and small 
nanoparticles. The individual nanoparticles also appear to be 20 - 50 nm in diameter. In this 
case, the larger spots (100-300 nm) are readily classified as agglomerates, since this sample 




Figure 9.1. AFM top-view images of hybrid silane films modified with CeO2 and ZrO2 nanoparticles: 
(A) Ce(NO3)3 + ZrO2; (B) Ce(NO3)3 + CeO2; (C) CeO2-ZrO2; (D) Ce(NO3)3 + CeO2-ZrO2. Pin 
holes in coatings A and C marked by white circles. Inset is a zoom image over the same scan 
area. 
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Coatings A and C show numerous nanoparticles aggregates. Moreover, these images 
reveal the presence of some nano-sized holes in the coatings, particularly for coating C. Two 
examples of these holes are highlighted in figure 9.1C. The occurrence of coating defects is 
undesirable, since they may serve as initiators for pit corrosion through reduced coating 
thickness and/or as the initiation sites of fatigue cracks [31]. 
RMS surface roughness values of 0.722 nm, 0.955 nm, 0.855 nm, and 0.485 nm were 
measured for coatings A, B, C and D respectively. Differences in surface roughness arise 
from the presence of nanoparticles aggregates. Coating D distinctly shows the lowest surface 
roughness. Thus, AFM surface morphology demonstrates that the silane formulation D is the 
best for providing uniform morphology with low roughness, monodispersed nanoparticles, 
and absence of coating defects. 
Figure 9.2a and b present results of the salt spray exposure tests after 168 h and 264 h. 
An uncoated substrate was tested as control. An artificial scratch was made to all coated 
samples to evaluate the protective efficiency of both the intact and damaged coatings. 
After 168 h of exposure (Figure 9.2a), the uncoated substrate (Figure 9.2a,E) is 
heavily corroded with discoloration and pit formation. Samples A and C showed few spots of 
limited localized corrosion in the intact (non-damaged) coating, marked with black arrows in 
the images, which could be due to the presence of some pinholes in the coating layers as 
shown in AFM images (Figure 9.1 A and C). In contrast, for coatings B and D no sign of 
corrosion was detected in the intact coating after 168 h.  
The protective performance around the artificial scratch reveals the capacity of the 
coating to overcome coating damage. Sample (C) is heavily corroded in and around the edges 
of the scribe area (and particularly in the cross point), and shows a number of blisters together 
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with white rust due to zinc coating degradation and formation of corrosion products such as 
zinc oxide and zinc hydroxide.  
(a) 
168 h (7 days) 
 
(b) 
264 h (11 days) 
    
Figure 9.2. Photographs of uncoated and coated electro-galvanized steel samples with silane coatings 
A, B, C and D after 168 h (a) and 264 h (b) of salt spray exposure. 
 
The samples containing cerium nitrate (A, B and D) show lower delamination and 
corrosion products along the scribe area, as compared with sample C. The limited 
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delamination in the presence of cerium nitrate suggests the availability of a corrosion 
inhibiting species.  
After 264 h of exposure (Figure 9.2b), no considerable changes were detected in the 
intact area in none of the coated samples, pointing towards the good barrier properties of the 
intact coatings. The few spots observed in samples A and C at 168h remained the same size 
and aspect, suggesting self-healing capabilities to some extent for these coatings in the case of 
minor coating damage. In contrast, around the scribe area, the breakdown of the coating layers 
in samples B and C progressed and this was followed by formation of red rust around the 
blisters, suggesting the presence of iron oxides, i.e. the bulk steel has already been corroded. 
The best performance was observed for samples A and D, i.e. the samples containing 
activated ZrO2. A few blisters are observed, but blister growth rate seems to be considerably 
lower when compared with samples B and C. Samples A and D do not show formation of red 
rust in and around the scribed area. These coatings seem to be the most capable of 
overcoming the effects of coating damage. 
Potentiodynamic polarization scans of coated and uncoated samples recorded after 1 h 
of immersion in 3.5% NaCl are presented in figure 9.3. Both cathodic and anodic polarization 
curves were significantly shifted to lower current densities for all coated samples as compared 
to the uncoated sample. Moreover, the corrosion potentials showed a considerable shift in the 
noble direction. Because linearity is not achieved for a sufficiently large voltage interval, a 
quantitative Tafel analysis was not possible for any of the coated samples. The polarization 
curves still show qualitatively the good barrier properties of all four coatings, with anodic 
currents at least one order of magnitude lower than the blank. All four coatings considerable 
decrease the available surface area for the corrosion reactions (oxygen reduction and metal 
dissolution), slowing down the corrosion activity, and hence the corrosion current density. 
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These effects were more pronounced for coating D. Surprisingly; the initial slopes for the 
anodic branches of the coated samples are quite sharp, followed by a complete flattening of 
the current. This behaviour suggests that although the coatings are acting as a good barrier 
protecting most of the galvanized steel surface, the corrosion process is indeed very active in 
the few spots available for corrosion. 
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Figure 9.3. Potentiodynamic polarization curves for the uncoated and coated electro-galvanized steel 
samples with silane coatings A, B, C and D, obtained after 1 h of immersion in a 3.5% NaCl 
solution. The inset shows a zoom around the corrosion potential of the coated samples. 
 
These results suggest that the enhanced corrosion protection of coating D is due to 
controllable release of cerium nitrate by nanoparticles (as reservoirs) in corroded spots, 
forming complexes with zinc charged species and reinforcing their protective role. These 
Effects of Cerium salt activated ceria-zirconia nanoparticle 
219 
 
more stable corrosion products decrease even more the active area available for corrosion 
reactions. 
The Bode plots obtained for the substrates pre-treated with different modified silane 
films during 244 h immersion in 3.5% NaCl solution are depicted in figure 9.4. The Bode 
plots show that the impedance spectra are dependent on the nature of the dopant. Sample D 
showed impedance magnitude values that are almost three times higher than for the other 
samples at the initial stage of immersion (Figure 9.4g). After 48 h of immersion, the 
impedance of this sample decreases, which is most probably associated with water uptake. 
Water uptake could occur either around the few nanoparticle agglomerations, through 
nanopores of sizes below AFM resolution, or through pores formed at a later stage because of 
electrolyte exposure [32]. With further increase of immersion time, the impedance magnitude 
of sample D shows a considerable recovery, the EIS spectrum after 96 h shows very similar 
values to the original spectrum at the beginning of the immersion experiment. This recovery is 
attributed to the self-healing effect of cerium ions around the corrosion spots [4]. A new drop 
in impedance magnitude at 168 h is again followed by mild recovery at 244 h. Most 
important, after 244 h immersion, sample D still shows the highest impedance magnitude 
values at low frequencies of all four coatings. Such high impedance magnitude values confer 
higher corrosion protection of the silane films doped with Ce(NO3)3 and CeO2-ZrO2 
nanoparticles.  
Conversely, the impedance magnitude values for the other coatings (A, B and C) 
continuously decreased with time, except a small recovery for sample B after 168 h 
immersion (Figures 9.4 a, c and e). Sample C shows the lowest impedance magnitude values. 
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Figure 9.4. EIS Bode modulus (a, c, e, g) and phase angle (b, d, f, h) plots obtained for electro-
galvanized steel samples pre-treated with silane coatings A (a, b), B (c, d), C (e, f), and D (g, 
h) during immersion in a 3.5% NaCl solution. Solid lines show the fitted results to the 
equivalent circuits in figure 5. 
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The shape of the phase angle plots, at the beginning of the immersion (0 h), indicated 
the presence of three time constants for coatings A, B and C (Figure 9.4b, d, f), consisting of a 
large capacitive loop at high frequencies (around 104 rad s−1 ), which can be attributed to the 
capacitive behaviour of the silane film [33, 34]; an pseudo-inductive loop at medium 
frequencies (around 3.16 rad s−1 ), which suggests may be related to the breakdown of the 
former protective surface film and corrosion activity due to adsorption of ions from the 
electrolyte solution (Cl- and Na+) through the pores of the coating [35-40]; and followed by 
the second capacitive loop at low frequencies (around 10-1 rad s−1 ), which reveals corrosion 
activity and build-up of corrosion products [33, 34]. After a few hours of immersion, the EIS 
response starts to change and the phase angle plots evolved to two time constants consisting 
of two large capacitive loops at high (around 104 rad s−1 ) and low (around 10-1 rad s−1 ) 
frequencies. This change suggests that the coatings developed electrolyte conductive 
pathways through the pinholes and around the agglomerations (as shown in AFM images 
(Fig. 9.1 A-C)), whereby the electrolyte could reach the substrate. The inductive loop has 
disappeared once the substrate has been fully adsorbed with ions. These ions will then start 
the corrosion process. For sample D, during immersion, the shape of the phase angle plots 
also indicated two capacitive loops at high and low frequencies. Interestingly, we do not 
observe the inductive loop here. This is probably too small because the pinholes are much 
smaller and there are almost no nanoparticles aggregates, which means less electrolyte 
penetrates, and the absorption of ions is much slower and hence not apparent in the phase 
plot. 
A more detailed interpretation of the EIS results can be made by numerical fitting of 
the experimental data to the equivalent circuits depicted in figure 9.5. Because the phase angle 
plots revealed two or three time constants at different immersion times, two different 
equivalent circuits were used to fit the data. The equivalent circuit shown in figure 9.5a was 
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used to model the EIS results of samples A, B and C at the beginning of immersion (0h). The 
equivalent circuit shown in figure 9.5b was used to model the EIS results of sample D during 
244 h immersion, as well as samples A, B and C during 48 h to 244 h of immersion. The 
numerical simulations are plotted as full lines in figure 9.4a to h. These fittings are in very 
good agreement with the experimental data for all the 4 samples. 
Thus, for the equivalent circuits shown in figure 9.5, Rs is interpreted as the resistance 
of the electrolyte; CPECoat (0.63 < ncoat < 0.78) and RCoat represent the capacitance and 
resistance of the hybrid coatings, respectively; L and RL represent the inductance and 
inductance resistance due to the adsorption reaction, respectively; CPEoxide (0.70 < ncoat < 
0.87) and Roxide represent the capacitance and resistance of the metal oxide layer over the 
metal surface , respectively. In these equivalent circuits, constant phase elements (CPE) were 
used instead of pure capacitors, because of the non-ideal character of the corresponding 
response. This is due to presence of nanoparticles which give rise to a certain surface 
roughness and inhomogeneity's. The true capacitances can be calculated from the respective 
CPE parameters, as described elsewhere [29]. The inductor which arises from adsorption 
effects could be defined as L=RL, where  is the relaxation time for adsorption on the 
electrode surface [38]. The variation of the fitted parameters (resistances and capacitances) 
with immersion time using the equivalent circuits of figure 9.5 is shown in figure 9.6. Values 
are shown with the errors from the numerical fitting (10-4 < Chi-squared < 10-3).  
The change of the silane hybrid film’s capacitance (CPEcoat) during immersion is 
presented in figure 9.6a. Generally the capacitance of dielectric films depends on the amount 
of absorbed water [6], thus increases in capacitance values are associated to water uptake [5]. 
Sample D has the lowest coating capacitance of the four systems examined over the whole 
immersion time. In addition, during immersion, the capacitance yields relatively constant 
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values, with only a small increase after 168 h of immersion. This suggests a lesser amount of 
water uptake, because of the smaller nanopores (below AFM resolution), or nanopores only 
formed later, or the almost absence of nanoparticle agglomerations (as mentioned above). 










Figure 9.5. Equivalent circuits used for the numerical fitting of the EIS data during immersion in a 
3.5% NaCl solution. 
 
The capacitance of samples A and C exhibit significantly faster growth during 168 h 
of immersion, as a result of more water uptake through the pores/defects present in the films 
[10]. The access of aggressive species induces localised corrosion activity. This is followed 
by precipitation of either insoluble corrosion products or the inhibition activity of the film, 
which block the pores/defects at the coating/substrate interface leading to a partial recovery of 
the coating barrier properties. This precipitation is translated in a decrease in coating 
capacitance after the increase due to water uptake. Decreasing coating capacitance is more 
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presence of cerium nitrate. These results suggest that the activation of nanoparticles with 
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Figure 9.6. Evolution of the coating capacitance (a); coating resistance (b); metal oxide layer 
resistance (c); and metal oxide layer capacitance (d) during immersion in a 3.5 % NaCl 
solution. 
 
The evolution of the coating resistance (Rcoat) of the sol–gel layers, is shown in figure 
9.6b. Sample D has the highest coating resistance during the 244 h immersion period; 
however the resistance decreases both at 48 h and 168 h suggesting the formation of some 
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pores or the enlargement of smaller pores in the sol–gel layer [32]. In both cases, the coating 
resistance recovers, which is attributed to the self-healing properties of this coating. The 
coating resistance of samples A, B and C is lower in comparison to coating D, particularly in 
the case of the coating C. The coating resistance values of these films show a gradual decrease 
during immersion because of their porous structures. Because these pores are larger than in 
the case of coating D, the self-healing capabilities are not enough and cannot compensate the 
damage. The coating resistance of sample D was always, even after 244 h exposure, at least 
twice as high as the other samples.  
Figure 9.6c and d show the evolution of the metal oxide layer resistance (Roxide) and 
capacitance (CPEoxide) values during immersion that are associated with the development of a 
time constant in the low-frequency range of the EIS spectra. For samples A, B and C, the low 
frequency resistance (Roxide) reveals lower values than for coating D and a small decrease 
during immersion (Figure 9.6c). In contrast, sample D shows some fluctuations, with a rapid 
drop and later recovery attributed to the self-healing properties. After 244 h of immersion, this 
coating shows a metal oxide resistance, which is about three times higher than the other sol-
gel films. 
The CPE associated with the corrosion process between metal oxide layer and 
electrolyte (CPEoxide), remains almost constant for samples A and B over immersion for 244 
h, reflecting the stability and the good barrier properties of the coating. In contrast, the 
CPEoxide values for sample C are higher and showed a pronounced increase because of the 
enlargement of the pores, appearance of cracks or even peeling of the coating. Indeed some 
coating peeling was evident to the naked eye for coating C at the end of the immersion period. 
For sample D, the low-frequency capacitance passes through small maxima after 48h and 168 
h immersion, and then starts to decrease. These values agree with the evolution of the low-
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frequency resistance of the film. The evolution of the low-frequency resistance shows an 
increase after 96 h immersion, accompanied by a decrease in the CPE, i.e. as expected, the 
CPEoxide changes in the opposite direction as Roxide. Since the corrosion activity occurred in 
localised areas because of water uptake, it is likely that the precipitation of the insoluble and 
passive self-healing products occurred at these locations, thereby decreasing the corrosion 
activity at the interface [10].  
9.4. Discussion 
The electrochemical results are in good agreement with the AFM images and the salt-
spray tests. There is a clear correlation between protective performance and surface 
morphology. Sample C, containing non-activated CeO2-ZrO2 nanoparticles, shows both a 
large number of nanoparticles aggregates as well as several cracks or pores. This sample was 
the least performing in all corrosion tests: faster corrosion, red rust formation and even some 
localised corrosion in the undamaged coating in the salt spray test; the lowest Ecorr; and the 
impedance fitting parameters that showed the highest permeability to water, and hence 
aggressive species. Montemor et al. analysed this specific coating (CeO2-ZrO2 nanoparticles 
without cerium inhibitor) and found it was efficient and stable when exposed to diluted NaCl 
concentrations (0.005M) [1]. However, our results show that under more aggressive 
conditions, the nanoparticle reinforcing capabilities on the silane coating are not sufficient to 
protect the substrate. 
While none of the analysed coatings remained unchanged under the extreme 
aggressive conditions applied, all experimental evidence shows that the combination of CeO2 
and ZrO2 nanoparticles and cerium ions (coating D) outperforms the other coatings. The 
better performance in the corrosion tests strongly suggests that the addition of cerium ions to 
the CeO2-ZrO2 nanoparticles dispersion creates an important synergy, reinforcing the 
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protection of the silane films [5]. The combination of two types of nanoparticles and the 
cerium ions doping produces the more homogeneous coating. The almost absence of 
nanoparticle aggregates could be due to less attraction between different nanoparticles (ZrO2 
and CeO2), the repulsive effects of charged particles (in the presence of Ce(NO3)3), and the 
stabilization of the surface charge, as previously reported [6]. These effects are also present in 
coatings A and B, but not C. Indeed, a plausible explanation for the higher degree of 
nanoparticle aggregation and probably related extended nanoporosity of coating C could be 
the non-activation of the nanoparticles. Thus, besides the already reported corrosion inhibition 
and healing capabilities of Ce(NO3)3 [6, 7, 20-23, 26], our experimental evidence suggests 
that in combination with ZrO2 and/or CeO2 nanoparticles, it contributes to the reinforcement 
of the coating, by diminishing its porosity. 
EIS responses indicate changes in the coating long time before any visible damage 
occurs (as observed for example by salt spray test). Thus, while the salt spray is an excellent 
indicator of healing capabilities around coating damaged areas, EIS evaluates apparent intact 
coatings. Even though no pores or cracks were observed for coatings B and D by AFM, EIS 
showed that when subject to stressing conditions, water uptake does occur, and hence some 
corrosion activity starts to develop (though invisible to the naked eye at this point). The 
reported self-healing properties of cerium ions are most evident in the rather sharp changes in 
both coating and metal oxide resistance values for coating D. These changes are associated 
with recovery after an initial aggression.  
Finally, performances shown by coatings A and B are quite similar. Coating A showed 
one spot of localised corrosion in an undamaged area and coating B did not. On the other 
hand, coating B showed some red rust around the damaged area after 264 h in salt spray, 
whereas coating A did not. Most probably the small spot of localised corrosion in A is 
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associated with the small pores observed by AFM (not observed for B). Conversely, the 
absence of red rust for this same coating, suggests that the ZrO2 nanoparticles are more 
effective as nano-structured Ce-ion reservoirs and can provide longer release of the inhibitor 
ions [10], than the CeO2 nanoparticles. 
Previous work has outlined possible mechanisms to explain the corrosion inhibition 
effect silane films, rare earth salts and oxide nanoparticles. Water uptake through the pre-
existent pinholes in the coating causes development of anodic and cathodic activity. Under the 
conditions tested in the present work, the main cathodic reaction is oxygen reduction with 
production of hydroxyl ions. The Zn2+ ions produced at the anodic areas migrate to the 
cathodic spots where they combine with OH− to form zinc corrosion products, which in the 
presence of chloride ions also lead to the formation of simonkolleite and/or other zinc 
chloride charged ions as reported in the literature [1, 5]. Simultaneously to these processes, 
and under an increased pH, the Si-O-Si network starts to decompose into a hydrated and 
expanded gel [5, 10, 15]. In a first step there is formation of silicates, which may provide 
some protection in small defects or pores. It has been reported that a passive film composed of 
Zn(OH)2, ZnSi2O5 may form on the active areas and that preferential precipitation of zinc 
silicate occurred on the defects of the passive film, delaying the corrosion activity [10].  
As the pH becomes more alkaline, the deterioration of the silica network starts to 
release the CeO2 and/or ZrO2 nanoparticles, which are, in contrast, very stable under alkaline 
pH [5, 10]. The CeO2 nanoparticles have a very high affinity for oxygen and for charged ions, 
like Zn2+, compensating defects in the oxygen sub–lattice. CeO2 can co-precipitate together 
with the zinc corrosion products, leading to a more stable and protective surface layer, which 
polarizes the anodic reactions and inhibits the corrosion activity [5, 10, 15].  
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Additionally, cerium ions released from the nanoparticles may form highly insoluble 
Ce(OH)3 which can be formed in the spots where the cathodic reaction occurs [41]. The 
oxidation of Ce3+ to Ce4+ by peroxide species produce precipitation of Ce(OH)4. ZrO2 
nanoparticles have been reported to act as a reservoirs for corrosion inhibitors, but are 
otherwise inert [1]. 
Finally, as briefly explained, because of the relatively large error in the thickness 
measurements, it is dubious to make assertions about the effect of a possible minor increase in 
coating thickness on going from coating A to D. After having analysed all the experimental 
evidence, we believe that the observed differences in performance are most probably not 
explained by the possible differences in coating thickness. Indeed, while coating D could be 
up to 20% thicker than its counterparts, it shows low frequency impedance values more than 
three times higher than the other coatings. Moreover, while coating C shows the putatively 
second largest thickness value, it is clearly the least performing coating. 
9.5. Conclusion 
Hybrid silane coatings doped with four different combinations of CeO2 and ZrO2 
nanoparticles and Ce(NO3)3 ions were synthetized and tested as protective protection for 
electro-galvanized steel substrates. All coatings showed very high protection as compared to 
an uncoated sample. 
Morphology and corrosion studies reveal that the presence of cerium ions reduces the 
corrosion rate of the metal substrate. These results show that cerium ions in combination with 
CeO2 and ZrO2 nanoparticles, produce a better sealed coating, with almost no nanopores or 
cracks. Incorporation of activated CeO2-ZrO2 nanoparticles reduces the cathodic and anodic 
current density to lower values and shifts the voltage to more positive potentials. 
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EIS results revealed self-healing properties of the Ce ions that were most evident in 
the rather sharp changes in both coating and metal oxide resistance values for the coating 
containing activated CeO2-ZrO2 nanoparticles. The highest impedance magnitude value of 
this coating suggested that the CeO2-ZrO2 nanoparticles are more effective as nanostructured 
cerium ion reservoirs and can provide prolonged release of the inhibitor ions. The prolonged 
release of cerium ions from oxide nano-reservoirs confers longer protection of the metallic 
substrate. This coating can be a prospective candidate for the development of new 
environmentally friendly protective pre-treatments.  
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Cerium-doped silane hybrid coatings employing 3-glycidoxypropyltrimethoxysilane 
(GPTMS) and bisphenol A (BPA), as a cross-linking agent, were synthesized via a sol–gel 
method and fabricated on treated steel surfaces (either austenitic 316L and 304L stainless 
steels or hot-dip and electro galvanized steels). The use of these substrates allowed 
investigating the effects of various parameters that influence the microstructure, morphology, 
and protective properties of the coatings. The use of the various substrates also allowed us to 
obtain a better view on the corrosion inhibition performance of the cerium doped silane 
hybrid coating and in some cases decreased the experimental time. An example of this is the 
duration of the salt spray test of the silane hybrid coatings modified with cerium nitrate and 
CeO2 nanoparticles on 304L SS and HDG substrates which was reduced from 2000 h to 144 h 




concentration of the cerium ions and CeO2 nanoparticles, and additives such as bisphenol A, 
cerium nitrate, CeO2 nanoparticles and ZrO2 nanoparticles. 
The results show that pre-treatments involving the thermal curing of the silane hybrid 
coatings led to improved corrosion resistance for the 316L SS substrates. Furthermore, the 
methodology proposed in this work is straightforward to apply and is compatible with actual 
environmental concerns. 
FTIR spectroscopy and SEM confirmed the formation of crack-free cerium-doped 
silane hybrid coatings with Si–O−Si structural backbones and –CH2 groups incorporated into 
the silica network. The resulting films were transparent and homogenous. The BPA cross-
linking agent significantly affected the morphology and corrosion resistance of the cerium-
doped silica coating. The lack of cross-linking agent (BPA) in the linear cross-linked cerium-
doped silane hybrid coating caused it to show cracks, be very brittle, thereby promoting 
diffusion of the aggressive electrolyte toward the substrate and decreasing the corrosion 
resistance of the coating.  
The results also show that the silane coatings modified with Ce nitrate hexahydrate 
provide good barrier properties and improve the corrosion protection in comparison with non-
modified silane coatings when applied to 304L SS substrates. The Ce-inhibited system 
showed a slower electrochemical evolution than did the non-inhibited one, because the 
inhibition effect of the cerium ions reduced the corrosion kinetics. 
Comparatively smooth nano-structured surfaces with low heterogeneity of coating 
thickness were observed in the silane coatings modified with cerium nitrate rather than CeO2 
nanoparticles. The use of CeO2 nanoparticles led to a high heterogeneity of the coating 
thickness. 
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Corrosion testing indicated that the CeO2 nanoparticles gave good corrosion inhibition 
properties to scratched surfaces because of their ability to complex with other species, 
therefore contributing to the stabilization of the passive film via an anodic inhibition 
mechanism. Modification of the silane solution with cerium nitrate led to improvements in the 
barrier properties, corrosion inhibition, and the self-repair of defects. The cerium ions can 
change the silane solution chemistry, promoting the formation of reactive silanol groups and 
more condensed species. 
Electrochemical studies indicated general improvements due to the incorporation of 
cerium nitrate, although the performance of the coated substrate depended on the doping 
level. Too low or too high cerium concentrations led to reduced corrosion inhibition in the 
sol–gel matrix. EIS and polarization results confirmed that the optimal corrosion resistance 
was obtained at a cerium concentration of 0.05 M. 
Modifying the silane coatings with cerium salt-activated CeO2 nanoparticles led to 
formation of a comparatively smooth, nanostructured surface with a constant or near-constant 
coating thickness. Microscopic observations also confirmed that the integral surface 
morphology of the silane coating filled with activated CeO2 nanoparticles was maintained 
after short-term corrosion testing for 144 h. Electrochemical tests showed that the presence of 
the nanoparticles reinforced the barrier properties of the silane films, and a synergy seemed to 
be created between the activated nanoparticles and the cerium ions, reducing the corrosion 
activity. The incorporation of activated CeO2 nanoparticles reduced the cathodic current 
density by two orders of magnitude and shifted the voltage to more positive values (compared 
with the blank silane-coated substrate) during polarization in 3.5% NaCl solution. 
The EIS results suggested that the concentration of the nanoparticles has an important 




better barrier properties. Enhanced protection at both the cathodic and the anodic sites was 
offered by the coating that contained the lowest content of ceria nanoparticles compared with 
the other coatings that contained higher contents of nanoparticles. Thicker and more 
protective silane films formed when the CeO2 nanoparticles and cerium ions were used at 
proportions of 25% and 75%, respectively. Microscopic observations also confirmed that the 
integral surface morphology of the silane film was maintained after 456 h of immersion in a 
3.5% NaCl solution. 
Investigation the effect of ceria and zirconia nanoparticles on the anticorrosion 
behaviour of uninhibited and cerium inhibited silane hybrid coatings, revealed the best 
performance for the coating that combines both CeO2 and ZrO2 nanoparticles activated by 
Ce(NO3)3 ions. EIS results suggested that the CeO2-ZrO2 nanoparticles are more effective as 
nanostructured cerium ion reservoirs and can provide prolonged release of the inhibitor ions. 
The prolonged release of cerium ions from oxide nano-reservoirs confers longer protection of 
the metallic substrate. This coating can be a prospective candidate for the development of new 
environmentally friendly anticorrosion pre-treatments.  
The results of this work on electrochemical behavior of cerium modified silica hybrid 
coatings showed that despite the high corrosion protection performance of these coatings in 
high salinity solution (3.5% NaCl), but when dealing with longer immersion times of the 
coated object in NaCl, a fast deterioration of the barrier properties of the coating could also be 
observed. Therefore, we have concluded that it is very difficult to obtain both functionalities - 
barrier properties and active protection in a mono-layer sol–gel system. One possible way to 
further improve these coatings is to use systems composed of different layers. In these 
systems the bottom layer intends to provide corrosion protection and adherence to the metallic 
substrate, whereas the top layers complement the anticorrosive protection and, in addition, 
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must provide binding for potential future organic coatings. For example, a non-functional bis-
silane, can be employed as the first layer, which is then topped with a functional silane layer, 
even though functional silanes have already been also employed as bottom layer. 
Therefore, this work can be continue by study the corrosion protection behavior of 
electro-galvanized steel substrate coated with a cerium-doped silane bi-layer. Two types of 
silane layers will be prepared, non-inhibited and inhibited silane layer. The non-inhibited 
layer only provides a physical barrier against the environment, while the inhibited layer 
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